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Preface 

In sheet metal forming, a sheet blank that has a simple shape is plastically formed 
between tools (or dies) to obtain a part with relatively complex geometry with desired 
tolerances and properties. Sheet metal forming processes usually produce little scrap 
and generate the final part geometry in a very short time, usually in one stroke or a few 
strokes of a press. As a result, sheet forming offers potential savings in energy and 
material, especially in medium and large production quantities, where tool costs can be 
easily amortized. 

The ever-increasing costs of material, energy and manpower require that sheet metal 
forming processes and tooling be designed and developed with minimum amount of 
trial and error with shortest possible lead times. Therefore, to remain competitive, the 
cost-effective application of computer-aided technologies, i.e. CAD, CAM, CAE, and 
especially finite element analysis (FEA), computer-based simulation is an absolute 
necessity. Thus, process modeling using FEA has been discussed in all appropriate 
chapters. 

The practical and efficient use of these technologies requires a thorough knowledge 
of the principle variables of the sheet metal forming processes and their interactions. 
These variables include: 

1. the flow behavior and formability of the formed sheet material under processing 
conditions; 

2. die geometry, materials and coatings; 
3. friction and lubrication; 
4. the mechanics of deformation, i.e. strains, stresses and forces; 
5 .  characteristics of the sheet metal forming presses and tooling; 
6. geometly, tolerances, surface finish and mechanical properties of the formed 

parts, and 
7. the effects of the process on the environment. 

These topics are addressed in two companion volumes Sheet Metal Forming-Funda- 
mentals and Sheet Metal Forming-Processes and Applications. Principles are de- 
scribed, and major emphasis is placed on the latest developments on the design of sheet 
forming operations, equipment and tooling. 

In Sheet Metal Forming-Fundamentals, the role of sheet metal forming in manu- 
facturing has been introduced in Chapter 1. Chapter 2 gives the classification and de- 
scription of sheet metal forming operations. The fundamentals of plastic deformation, 
i.e. metal flow, flow stress of materials, testing methods to determine flow stress and 
formability are discussed in Chapters 3,4, and 5. Chapters 6 and 7 cover the significant 
process variables materials and friction. The introduction to deep drawing is discussed 
in Chapter 8. Chapters 9, 10, 11, and 12 discuss the characteristics and operations of 
various sheet metal forming presses (hydraulic, mechanical, servo-drive) and cushion 
systems. 

vii 
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In Sheet Metal Forming-Processes andApplications, Chapters 1 and 2 cover blank- 
ing, and bending. Process modeling and its applications are discussed in Chapter 3 as 
well as in several other chapters, where appropriate. Chapter 4 reviews progressive and 
transfer &e forming. Relatively new technologies, i.e. warm forming, forming of ad- 
vanced high strength steels (AHSS) and hot stamping are discussed in Chapters 5, 6, 
and 7, respectively. Processes that are related to sheet forming such as sheet and tube 
hydroforming, roll forming, and high velocity forming are covered in Chapters 8 9, 10, 
and 11. Special sheet forming operations spinning, incremental forming and mechani- 
cal joining are discussed in Chapters 12, 13, and 14. Sensors and die materials are criti- 
cal for practical application of sheet forming technology and they are discussed in 
Chapters 15 and 16. 

The preparation of this book was possible through extensive efforts by many friends, 
associates and students of the editors who authored and co-authored many of the chap- 
ters. We would like to thank them all for their very valuable contributions. 

We would like to thank Ms. Linda Anastasi, Administrative Assistant of the Center 
for Precision Forming (CPF - www.cpforming.org), who revised the chapters several 
times, Mr. Xi Yang and Manan Shah at CPF who assisted in the editing of some chap- 
ters and Mr. Doug Dragoo of Cincinnati Inc. who reviewed Chapter 15 on Bending and 
made valuable suggestions. We would also like to thank our families, who offered us 
enormous support and encouragement throughout the preparation of this book. 

Finally, we would like to gratefully acknowledge the financial support from member 
companies of CPF and especially from the National Science Foundation (NSF) that 
helped us summarize the results of sheet metal forming research, conducted over the 
years at The Ohio State University. 

Taylan Altan A. Erman Tekkaya 
Center for Precision Forming (CPF) Institut fur Umformtechnik und Leichtbau 

Technische Universitat Dortmund, Germany 
The Ohio State University (IUL) 
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CHAPTER 1 

Metal Forming Processes in 
Manufacturing 
Taylan Altan, The Ohio State University 
A. Erman Tekkaya, Technische Universitat Dortmund, Germany 

IN A MANUFACTURING process, a given 
material is transformed into a useful part having 
a complex geometry with well-defined (a) 
shape, (b) size, (c) accuracy and tolerances, (d) 
appearance, and (e) properties (Ref 1.1). The 
material usually begins in a shapeless form 
(such as liquid metal in casting) or of a simple 
geometry (such as a blank sheet metal forming). 
The various manufacturing processes have ad- 
vantages and limitations in achieving the de- 
sired shape, size, tolerances, appearance, and 
properties of a part. 

1.1 Classification of Manufacturing 
Processes 

Manufacturing processes can be divided, in a 
simplified manner, into five general areas (Ref 
1.2): 

Primary shaping processes, such as cast- 
ing, melt extrusion, die casting, and press- 
ing of metal powder. In all these processes, 
the material initially has no shape but ob- 
tains a well-defined geometry through the 
process. Here the first shape is given to the 
material. 
Forming processes, such as rolling, extru- 
sion, cold and hot forging, bending, and 
deep drawing, where metal is formed by 
plastic deformation, without destroying the 
cohesion of the material. 
Material removal processes, in which ex- 
cess material is removed from the starting 
workpiece in order to obtain the desired ge- 

ometry. Some important processes in this 
category are turning, milling, drilling, saw- 
ing, and electrodischarge machining. 
Material treatment processes aim to change 
the properties and appearance of the part 
without changing its shape. Heat treating, 
anodizing, and surface treatment are com- 
monly used material treatment processes. 
Joining processes, in which two or more 
parts are joined to form a new component 
or subassembly. Metallurgical joining pro- 
cesses, such as welding, brazing, and sol- 
dering, form a permanent and robust joint 
between components. Mechanical joining 
processes, such as riveting and mechanical 
assembly, bring two or more parts together 
to build a subassembly that can be disas- 
sembled conveniently. 

4. 

5. 

1.2 Characteristics of Manufacturing 
Processes 

There are four main characteristics of any 
manufacturing process: achievable geometry, 
tolerances, production rate, and environmental 
factors. 

1. Geometry. Each manufacturing process is 
well suited for producing a particular type 
of geometry. Other geometries may be pro- 
duced in some cases, but usually not with- 
out considerable expense. For example, 
manufacturing processes using dies and 
molds can produce parts that are easily re- 
moved from a mold made from two halves. 
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However, by using a “split-die” design, it is 
possible to manufacture forgings, castings, 
or injection moldings with undercuts and 
more complex shapes. 
Tolerances. When fabricating a given com- 
ponent, it is nearly impossible and very 
costly to make the part to the exact dimen- 
sions specified by the designer. Therefore, 
dimensions should be associated with a tol- 
erance. By using more sophisticated varia- 
tions of the process and by means of new 
developments, the quality of the tolerance, 
that is, precision, can always be improved. 
For example, it is possible to control sheet 
metal flow and obtain better parts with 
more uniform thickness distribution and 
tighter tolerances with multipoint binder 
pressure control systems than with the con- 
ventional uniform pressure distribution 
obtained with die cushion. Dimensional 
tolerances serve a dual purpose. First, they 
allow proper functioning of the manufac- 
tured part; for example, an automotive 
brake drum must be round, within specified 
acceptable limits, to avoid vibrations and to 
ensure proper functioning of the brakes. 
Second, dimensional tolerances provide in- 
terchangeability. Modern mass production 
would be unthinkable without interchange- 
ability-the ability to replace a defective 
part or component (a bearing, for example) 
with a new one, manufactured by a differ- 
ent supplier. 
Production rate. The rate of production, 
that is, number of parts produced per unit 
time, that can be attained with a given man- 
ufacturing operation is probably the most 
significant feature of that operation, be- 
cause it indicates the economics of and the 
achievable productivity with that manufac- 
turing operation. In industrialized coun- 
tries, manufacturing industries represent 15 
to 25% of gross national product. Conse- 
quently, manufacturing productivity, that 
is, production of discrete parts, assemblies, 
and products per unit time, is one of the 
most important factors influencing the stan- 
dard of living in a country, as well as that 
country’s competitive position in interna- 
tional trade in manufactured goods. 

The rate of production or manufactur- 
ing productivity can be increased by im- 
proving existing manufacturing processes 
and by introducing new machines and new 

2. 

3. 

processes, all of which require new invest- 
ments. However, the most important in- 
gredient for improving productivity lies in 
human and managerial resources, because 
good decisions regarding investments 
(when, how much, and in what) are made 
by people who are well trained and well 
motivated. As a result, the present and fu- 
ture manufacturing productivity in a plant, 
an industry, or a nation depends not only on 
the level of investment in new plants and 
machinery but also on the level of training 
and availability of manufacturing engineers 
and specialists in that plant, industry, or 
nation. 

4. Environmental factors. Every manufac- 
turing process must be examined in view of 
(a) its effects on the environment, that is, in 
terms of air, water, and noise pollution; (b) 
its interfacing with human resources, that 
is, in terms of human safety, physiological 
effects, and psychological effects, and (c) 
its use of energy and material resources, 
particularly in view of the changing world 
conditions concerning scarcity of energy 
and materials. Consequently, the introduc- 
tion and use of a manufacturing process 
must also be preceded by a consideration of 
these environmental factors. 

1.3 Metal Forming Processes in 
Manufacturing 

Metal forming includes (a) bulk forming pro- 
cesses such as forging, extrusion, rolling, and 
drawing and (b) sheet forming processes such 
as brake forming, deep drawing, and stretch 
forming. Among the group of manufacturing 
processes discussed earlier, metalforming repre- 
sents a highly significant group of processes for 
producing industrial and military components 
and consumer goods (Ref 1.3). 

A common way of classifying metal forming 
processes is to consider cold (before the crystal- 
lization temperature) and hot (above the recrys- 
tallization temperature) forming. Most materials 
behave differently under different temperature 
conditions. Usually, the yield stress of a metal 
increases with increasing strain (or deforma- 
tion) during cold forming and with increasing 
strain rate (or deformation rate) during hot 
forming. However, the general principles gov- 
erning the forming of metals at various temper- 



Chapter 1 : Metal Forming Processes in Manufacturing / 3 

atures are basically the same. Therefore, classi- 
fication of forming processes based on initial 
material temperature does not contribute a great 
deal to the understanding and improvement of 
these processes. In fact, tool design, machinery, 
automation, part handling, and lubrication con- 
cepts can be best considered by means of a clas- 
sification based not on temperature but rather on 
specific input and output geometries and mate- 
rial and production rate conditions. 

Complex geometries, in both massive and 
sheet forming processes, can be obtained 
equally well by hot or cold forming. Of course, 
because of the lower yield strength of the de- 
forming material at elevated temperatures, tool 
stresses and machine loads are, in a relative 
sense, lower in hot forming than in cold form- 
ing. However, part accuracy is usually higher in 
cold-formed parts. 

Forming is especially attractive in cases 
where (a) the part geometry is of moderate com- 
plexity and the production volumes are large, so 
that tooling costs per unit product can be kept 
low-for example, in automotive or appliance 
applications; and (b) the part properties and 
metallurgical integrity are extremely important, 
in examples such as load-carrying aircraft and 
jet  engine and turbine components. 

The design, analysis and optimization of 
forming processes require (a) analytical knowl- 
edge regardmg metal flow, stresses and heat 
transfer as well as (b) technological information 
related to lubrication, heating and cooling tech- 
niques, material handling, die design and manu- 
facture, and forming equipment. 

1.4 Classification of Metal Forming 
Processes 

Metal forming processes can be classified 
as: 

1. Bulk deformation processes, such as forg- 
ing, extrusion, rolling, and drawing 

2. Sheet-metal forming processes, such as 
brake forming, deep drawing, and stretch 
forming 
Hybrid forming processes such as drawing 
and ironing and bending and coining 

Bulk deformation (massive forming) processes 
are generally characterized by significant defor- 
mation and massive shape change and consider- 

3. 

able increase in the area-to-volume ratio occur- 
ring in the formed part. The term bulk indicates 
the low area-to-volume ratio in the starting ma- 
terial. The starting material is in billet, rod, or 
slab form. 

Bulk forming processes have the following 
characteristics: 

In 

The workpiece undergoes large plastic de- 
formation, resulting in an appreciable change 
in shape or cross section. 
The portion of the workpiece undergoing 
permanent (plastic) deformation is gener- 
ally much larger than the portion undergo- 
ing elastic deformation, so elastic recovery 
after deformation is usually negligible. 

sheet forming, sheet blanks are plastically 
deformed into a complex three-dimensional ge- 
ometry, usually without any significant change 
in sheet thickness and surface characteristics. 
The surface area-to-volume of the starting metal 
is high; therefore, this ratio is a useful means to 
distinguish bulk deformation from sheet metal 
processes. 

Sheet metal operations are nearly always per- 
formed as cold working processes and are ac- 
complished using a tool set consisting of a 
punch and a die, which are the positive (male) 
and negative (female) portion of the tool set, 
respectively. 

The characteristics of sheet metal forming 
processes are: 

The workpiece is a sheet or a part fabricated 
from a sheet. 
The deformation usually has the objective to 
cause significant changes in shape, but not 
in cross section, of the sheet. Reduction in 
sheet thickness is usually not desirable, but 
it is an unavoidable consequence of the pro- 
cess. 
In some cases, the magnitudes of permanent 
(plastic) and recoverable (elastic) deforma- 
tions are comparable; thus, elastic recovery 
or springback may be significant. 

Examples of sheet-metal forming processes are 
dwussed in Chapter 2, “Classification and De- 
scription of Sheet Metal Forming Operations,” 
of this book. 

Some processes, known as hybrid forming 
processes, can fall under both sheet metal and 
bulk forming categories according to the work- 
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piece geometry. For example, a deep draw cup 
can be ironed in the same die set to reduce the 
cup wall thickness. In this case, deep drawing is 
a sheet forming process while ironing can be 
considered as a bulk forming process. Another 
example for hybrid forming processes is coin- 
ing. Bottoming in brake bending is a type of 
coining where bottoming pressure causes re- 
duction in thickness at the bending area as well 
as springback. In some cases, relatively thick 
sheet (or plate) is used as a blank. The cross 
section of the part, formed from this blank, may 

be subsequently reduced by a bulk forming 
process. 
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CHAPTER 2 

Classification and Description of 
Sheet Metal Forming Operations 
Taylan Altan, The Ohio State University 
A. Erman Tekkaya, Technische Universitat Dortmund, Germany 

IN SHEET METAL forming, an initially sim- 
ple part-a sheet blank, for example-is plasti- 
cally deformed between tools (or dies) to obtain 
the desired final configuration. Thus, a simple 
part geometry is transformed into a complex 
one, whereby the tools “store” the desired ge- 
ometry and impart pressure on the deforming 
material through the tool/material interface. 
Sheet metal forming processes usually produce 
little or no scrap and generate the final part ge- 
ometry in a very short time, usually in one or a 
few strokes of a press. As a result, sheet metal 
forming offers potential savings in energy and 
material-especially in medium and large pro- 
duction quantities, where tool costs can be eas- 
ily amortized. In addition, for a given geometry, 
parts produced by sheet metal forming exhibit 
better mechanical and metallurgical properties 
and reliability than do those manufactured by 
casting or machining. 

Until recently, sheet metal forming was ba- 
sically an experience-oriented technology. 
Throughout the years, a great deal of know-how 
and experience have been accumulated in this 
field, largely by trial-and-error methods. During 
the last two decades, computer-aided finite ele- 
ment analysis has allowed quantitative design 
of sheet forming processes and dies. Thus, the 
sheet metal forming industry is capable of sup- 
plying sophisticated products manufactured to 
very rigid requirements from newly developed, 
dfficult-to-form alloys, as in the case of aero- 
space applications. 

2.1 Process Variables 

To design reliable sheet forming processes 
and the necessary dies, it is essential to under- 
stand the physical phenomena governing sheet 
metal forming and the process variables that 
must be controlled and optimized. The bound- 
ary conditions describing a sheet metal forming 
operation such as heat transfer or friction coef- 
ficients are difficult to define quantitatively. For 
a given material and shape, the surface transfor- 
mations occurring in the plastic deformation 
zone are controlled by the equipment, tooling, 
and work piece/tool interface. The metal flow, 
the friction at the tooVmateria1 interface, and 
the relationship between process conditions are 
dfficult to predict and analyze. Therefore, thor- 
ough knowledge of complex interactions be- 
tween the process components and the work 
piece material is important for effective process 
design. The process components and key tech- 
nologies that enable the correct design and op- 
eration of sheet metal forming processes are 
depicted schematically in Fig. 2.1. 

In sheet metal forming, a blank is plastically 
deformed into a complex three-dimensional ge- 
ometry, usually without any intended significant 
change in sheet thickness and surface character- 
istics. Sheet metal forming operations are usu- 
ally performed as cold working processes, 
which means that they are performed at a tem- 
perature that is below the recrystallization tem- 
perature of the materials being formed. How- 
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Fig. 2.1 Sheet metal forming process components. Source: 
Ref 2.1 

ever, some sheet forming operations are 
conducted at elevated temperatures, for exam- 
ple, warm forming of aluminum, titanium, or 
nickel alloy sheets or hot stamping of special 
steels to obtain specific part properties. These 
processes are accomplished using a tool set con- 
sisting of a punch and a die, which are the posi- 
tive (male) and negative (female) portion of the 
tool set respectively. Often, these components 
are also referred to as “upper” and “lower” dies. 

Often, in producing discrete sheet metal 
parts, several successive forming operations are 
required to transform the initial “simple” geom- 
etry into a “complex” geometry, without caus- 
ing material failure and degradation of material 
properties. Consequently, one of the most sig- 
nificant objectives of any method of analysis is 
to assist the forming engineer in the design of 
optimal forming sequence. For a given opera- 
tion, the design process essentially consists of 
the following steps: 

1. 

2. 

3. 

Predicting metal flow by establishing the 
geometric process parameters such as 
shape, velocities, strain rates, and strain 
Establishing the formability limits, that is, 
determining whether it is possible to form 
the part without failure such as fracture and 
wrinkling 
Designing the tooling (e.g., dies) and se- 
lecting the equipment based on the predic- 
tion of the force and energy necessary to 
perform the forming operation 

For the understanding and design of sheet metal 
forming operations, it is useful to consider these 
processes as a system and classify them in a 
systematic way. 

2.2 Sheet Metal Forming as a System 

A sheet metal forming system is composed of 
all the input variables such as the blank (geome- 
try and material), the tooling (geometry and ma- 
terial), the conditions at the tooVmateria1 inter- 
face, the mechanics of plastic deformation, the 
equipment used, the characteristic of the final 
product, and finally the plant environment where 
the process is being conducted. The application 
of the system approach to sheet metal forming is 
illustrated in Fig. 2.2,  as applied to deep draw- 
ing, and allows the study of the inpudoutput re- 
lationships and the effects of process variables 
on product quality and process economics. 

To obtain the desired shape and properties in 
the product, the metal flow should be well un- 
derstood and controlled. The direction of flow, 
the magnitude of deformation, and the tempera- 
ture involved greatly influence the properties of 
formed products. Process variables affecting the 
metal flow are given in Table 2.1. 

Material Characterization 

In analyzing and optimizing a sheet metal 
forming process for a given material, the most 
important variables are the blank properties 
(e.g., composition, temperature, deformation 
history, and prestrain), the flow stress of the 
blank material for various strain values, stress 
states and strain rates, the formability (or ductil- 
ity) in various directions (i.e., anisotropy), and 
the surface conditions. Reliable estimation of 
tool stresses and the equipment loading, as well 
as prediction of metal flow and elimination of 
forming defects, depends on the accurate deter- 
mination of the flow properties of the starting 
material. 

The flow curves (Eq 2.1) for sheet materials 
are usually determined based on load versus 
elongation data obtained from tensile tests. For 
a given microstructure and material flow direc- 
tion, the flow stress (equivalent stress in plastic 
state), 0, is expressed as a function ,of equiva- 
lent strain, F;  equivalent strain r a t e ,F  and tem- 
perature, T 



Chapter 2: Classification and Description of Sheet Metal Forming Operations / 7 

2 Blank holder - 
1, Workpiecelblank 
2. TooVdie 
3. Tool/rnaterial interface 
4. Deformation zone 

5. Equipmenffpress 
6. Formed product 
7. Environment 

Fig. 2.2 Schematic of system approach in metal forming (using deep drawing as an example) 

Table 2.1 Significant variables in sheet metal forming 

Sheet material or blank 

Flow stress as a function of strain, strain rate, temperature, and microstructure 
Formability as a function of strain, strain rate, temperature, strain path, and 

Surface texture 
ThermalUphysical properties (density, melting point, specific heat, thermal con 

ductivity and expansions, resistance to corrosion and oxidation) 
Initial conditions (composition, temperature, strain historyiprestrain) 
Geometric anisotropy 
Hardening anisotropy 
Blank size, location, and thickness 

Tooling 

Tool geometry and forces 
Surface conditions 
Materialiheat treatmentihardness 
Temperature 

Condition at toolimaterial interface 

Lubricant type and temperature 
Insulation and cooling characteristics of the interface layer 
Lubricity and frictional shear stress 
Characteristic related to lubricant application and removal 

microstructure (forming limit curves) 

Source: Ref 2.2  

Deformation zone 

Deformation mechanics 
Metal flow, velocities, strain, strain rate (kinematics) 
Stresses (variation during deformation) 
Temperatures (heat generation and transfer) 
Damage accumulation 

Equipment used 

Speediproduction rate 
Binder design and capabilities 
Forceienergy capacity 
Rigidity and accuracy 
Flexibility 

Product 

Geometry 
Dimensional accuracyitolerances 
Surface finish 
Microstructure, metallurgical, and mechanical properties 

Environment 

Available manpower 
Air, noise, and wastewater pollution 
Plant and production facilities and control 

The material will yield if the equivalent stress is 
equal to flow stress, 0. At room temperature 0 is 
primarily dependent on E and to some extent on 
g. At higher deformation temperatures, the ef- 
fect of Tand E increases. 

Workability or formability is the capability of 
a material to deform without failure. It depends 
on: (a) conditions existing during deformation 
(e.g., temperature, rate of deformation, stresses, 
and strain history) and (b) material variables 
(e.g., composition, microstructure, voids, inclu- 
sions, anisotropy, flow stress, ductility). Other 

- 

important parameters are the size, location, 
thickness, and geometric characteristics of in- 
coming material (i.e., tolerances, quality of 
sheared edge, and surface finish). Material 
thickness affects die pressure, tendency to wrin- 
kling, and deformation forces. It becomes nec- 
essary to use harder and more wear-resistant die 
materials to form very thick sheets. 

As material thickness decreases, its load- 
carrying capacity decreases as well. Conse- 
quently, preventing failures during forming be- 
comes more difficult with decreasing sheet 
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thickness. The uniformity of thickness also has 
an effect on strain localization. 

Plastic anisotropy (e.g., difference in defor- 
mation behavior of the material when stressed 
in various directions) is a very crucial factor in 
sheet forming. It is the tendency of sheet mate- 
rials to deform differently in different direc- 
tions. The average plastic anisotropy is a good 
measure of the drawability of a material but 
has very little effect on its stretchability or 
bendability. 

Beside geometric anisotropy, hardening an- 
isotropy is also important in sheet metal form- 
ing. Hardening anisotropy is the generalization 
of the well known Bauschinger effect (Ref 2.3). 

The location of the blank in the die has a sig- 
nificant effect on the strain state in the sheet 
during deformation. Shifting the blank location 
increases the amount of flange material on some 
edges and decreases it on others. Areas with in- 
creased flange material experience more resis- 
tance to flow, while areas of decreased flange 
material experience less resistance. Changing 
the blank size has a similar effect. Blank flat- 
ness is also another important variable. A blank, 
which is excessively out of flat, will not nest 
into the die correctly and cause problems in ob- 
taining proper blank location. Leveling pro- 
cesses are used to obtain flat blanks. While lev- 
eling effectively flattens the coil, it also leaves 
some residual strains in the blanks. 

Tooling and Equipment 

Design and manufacturing of tooling are es- 
sential factors determining the performance of 
deformation processes. The key to successful 
deformation processing is tool design, which 
was based, until recently, on experience. How- 
ever, to design and fabricate forming tools today, 
we use “virtual prototyping,” such as computer- 
aided engineering and computer-aided manufac- 
turing using numerical simulation. 

The productivity and reliability of equipment 
used in sheet forming are also very important 
factors in determining the practical application 
of a given process. The stroking rate of the 
forming press determines the production rate. 
The use of sensors for process monitoring and 
control assists in improving and maintaining 
part quality. 

Flexibility of tooling and equipment is gain- 
ing importance because of the increased vari- 
ability of products and reduction in batch sizes. 
Tooling concepts that allow the manufacturing 

of various product geometries in one tool setup 
represent a preferred strategy today. 

Variations in tool performance are caused by: 
(a) changes in setup and (b) continuous wear 
through normal usage. Sensors can also be used 
to continuously monitor the condition of the 
tooling, improving part quality as well produc- 
tion rates. This is achieved by greatly reducing 
unscheduled breakdowns of expensive produc- 
tion equipment and increasing the tool life. 

During the setup of tooling in a press, care 
must be taken to properly align the tooling. 
Misalignment may lead to significant changes 
in the process and to defects in formed parts. In 
deep drawing, for example (Fig. 2.2), binder (or 
blank holder) forces play a major role in the 
formability of sheet material. The magnitude of 
binder force should be controlled so that neither 
fracture nor wrinkling will occur in the formed 
part. Deep drawability can be increased by 
varying binder pressure throughout the punch 
stroke or around the periphery of the flange in 
more complicated operations. 

Draw beads are used when material flow 
needs to be restrained more than what can be 
provided by a flat binder plate using blank 
holder pressure only (Fig. 2.3, 2.4). Punch and 
die radii are other important variables affecting 
the flow and stretch of sheet material (Ref 2.4). 

Shut height is the distance between the ram, 
at its bottom dead center position, and the lower 
platen or bolster (see Chapter 9 in this volume). 
Variations in shut height affect the final part ge- 
ometry as well as the strain patterns in deep 
drawing. A slight increase in shut height or ram 
stroke position can increase the draw or stretch 
of a part and cause increased straining, leading 
to excessive thinning or fracture. Increasing 
punch speed has the effect of increasing the im- 
pact of the punch on the sheet, which leads to 

Uraw’bead 

Fig. 2.3 Draw bead located inside the die. Source: Ref 2.4 
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Blank holder 

Draw bead 

Fig. 2.4 Draw beads located in the blank holder. Source: Ref 2.4 

the creation of shock lines on the sheet. High 
impact speed also tends to cause breakdown of 
the lubricant layer. 

The selection of a machine for a given pro- 
cess is influenced by the time, accuracy, and 
load-energy characteristics of that machine. Op- 
timum equipment selection requires consider- 
ation of the entire forming system, including lot 
size, conditions at the plant, environmental ef- 
fects, and maintenance requirements, as well as 
the requirements of the specific part and process 
under consideration. 

The tooling variables include: (a) design and 
geometry, (b) surface finish, (c) stiffness, and 
(d) mechanical and thermal properties under 
processing conditions. 

Friction and Lubrication at the Tool/Work 
Piece Interface 

Knowledge of friction and heat transfer at the 
tool-material interface should be expressed 
quantitatively in order to develop an adequate 
design of the process. The mechanics of inter- 
face friction is very complex. One way express- 
ing friction quantitatively is through a friction 
coefficient, p, or a friction shear factor, m. Thus, 
the frictional shear stress, zf, is 

where 0 < p < 0.577, 
or 

where on or p is the normal stress or pressure at 
the interface, 0 is the flow stress of the deform 
ing material, and f i s  the friction factor (= dd). 

For small values of pressure, which is usually 
the case in sheet forming, friction force in- 
creases with increasing pressure. In this case, 
friction conditions are best characterized by 
Coulomb’s law (Eq 2.2). With increasing pres- 
sure, friction force cannot increase indefinitely. 
It approaches a finite value for very high pres- 
sures. At this time, sticking friction conditions 
occur when pp 2 k, where k is shear strength, 
equal to 20/4, according to von Mises criterion 
of plastic flow. This condition occurs often in 
bulk forming operations where p >> k. At this 
high pressure, since there is no relative motion 
between tool and the work piece at the inter- 
face, the coefficient of friction, p, becomes 
meaningless. In this case, the friction factor, m 
(Eq 2.3), is used to model friction conditions. 

Recent studies in forming mechanics indicate 
that Eq 2.2 adequately represents the frictional 
shear stress in sheet metal forming. There are 
various methods of evaluating friction, that is, 
estimating the value of p or m. Tests most com- 
monly used for evaluating friction are discussed 
in Chapter 7 of this volume. 

Die temperature increases at high stroking 
rates due to friction and deformation. This af- 
fects the stamping process by causing heat 
transfer between the warmer die and cooler 
sheet and by reducing the effectiveness of the 
lubricant used. Cooling/heating of sheet also 
tends to increase/decrease its flow stress. Thus, 
die temperature may also affect the sheet form- 
ing process. 

Deformation Zone and 
Mechanics of Deformation 

When material is deformed plastically, metal 
flow is influenced mainly by: (a) tool geometry, 
(b) friction conditions, (c) mechanical proper- 
ties of the initial work piece material, and (d) 
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thermal condition existing in the deformation 
zone. Detailed understanding of metal flow en- 
ables prediction of the quality and properties of 
the formed product and the force and energy re- 
quirements of the process. This leads to forming 
high-quality products with a minimum of trial 
and error by optimizing the tool design and pro- 
cess conditions. The mechanics of deformation 
(i.e., the metal flow, strains, strain rates, and 
stresses) can be investigated using appropriate 
methods of analysis such as the finite element 
method. 

Product Geometry and Properties 

The two main characteristics of a deformed 
product are its geometry (e.g., dimensions, tol- 
erances, kckness distribution, and surface fin- 
ish) and its mechanical properties. As in all 
manufactured parts, the design of the deformed 
part-that is, the consideration of manufacturing 
feasibility during the design s t a g d e t e r m i n e s  
the magnitude of the effort necessary for pro- 
cess and tool development. For example, geo- 
metric features that satisfy various functional 
requirements such as stiffness and strength 
should be evaluated regarding their formability. 

Product geometry and its mechanical proper- 
ties are influenced by process variables. For ex- 
ample, the process conditions (temperature, 
strain, and strain rate) have an effect on final 
product properties by determining the micro- 
structural variations taking place during defor- 
mation. Therefore, in a realistic system ap- 
proach, the relationship between mechanical 
properties and microstructure of the final prod- 
uct and the quantitative effect of process condi- 
tions and heat treatment schedules on micro- 
structural variations must be considered. 

Safety and Environmental Factors 

Safety and environmental effects are impor- 
tant matters in forming process. The importance 
of safety increases with increasing machine 
speeds and forces. Adverse environmental ef- 
fects of lubrication, cooling and heating fluids, 
noise, smoke, and waste material must be con- 
sidered in process development, and efforts 
should be made to minimize or eliminate ad- 
verse environmental effects. 

The components of the sheet metal forming 
system, illustrated in Fig. 2.2 and discussed 
above, must be integrated by the metal forming 
specialist in designing a sheet metal forming 
operation. Thus, for a given material and its me- 

chanical properties, the forming machine, tool- 
ing, and lubrication must be selected for a ro- 
bust production process to achieve the desired 
production rates with minimum use of energy 
and damage to the environment. 

2.3 Classification of Geometries 

A shape classification system should cover 
the entire range of possible shape of parts 
formed from sheet and strip. The basis of such a 
classification is the geometry of the finished 
parts. Various representative sections of the part 
and the curvatures in each section must be 
known in order to classify sheet metal parts 
based on geometry. 

Most sheet metal parts fit readily into a sys- 
tem of classification. However, sometimes dif- 
ferent part types appear to be similar. They are 
distinguished in a quantitative manner rather 
than in a qualitative manner. A variety of geom- 
etries are required in sheet metal components 
used in automotive and aircraft industries (Ref 
2.5, 2.6). Major sheet forming processes used in 
manufacturing these components are summa- 
rized in Table 2.2. These commonly used sheet 
metal forming operations are briefly described 

Table 2.2 
processes 

Commonly used sheet forming 

Bending and straight flanging processes (Section 2.4) 

Brake bending 
Hemming 
Roll Forming 
Roll Bending 

Blank Preparation (Section 2.5) 

Sheet leveling and straightening 
Shearing, blanking, and piercing 

Deep Drawing (Section 2.6) 

Deep drawing (using hard dies) 
Sheet hydroforming with punch 
Sheet hydroforming with die 
Fluid bladder (diaphragm) forming 

Stretch Forming (Section 2.7) 

Stretch forming asymmetric parts 
Linear stretch forming 
Creep forming 
Age forming 
Die quench forming 
Bulging 

Incremental Forming (Section 2.8) 

Spinning 

Hybrid Forming Processes (Section 2.9) 

Ironing 
Coining 

Source Modfied fiom Ref 2 7 

Tube Bending 
Flanging 
Hole Flanging 
Joggling 

Marform process 
Drop hammer forming 
Hot stamping 

Tube hydroforming 
Expanding 
Dimpling 
Electromagnetic forming 
Explosive forming 

Shear forming 

Nosing 
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in Sections 2.4-2.9 for the basic types of 
operations. 

2.4 Bending and Flanging 

Brake bending is a forming operation widely 
used for forming flat sheets into linear sections, 
such as angles, channels, and hats. Bending pro- 
duces little or no change in the thickness of the 
sheet metal. The general objectives in bending 
are obtaining rigidity and producing a part of 
required curved shape. There are several brake- 
forming setups: air bending, die bending, and 
edge bending. In air bending (Fig. 2.5a), the 
work piece is supported only at the outer edges 
so that the length of the ram stroke determines 
the bend angle of the part. In die bending (Fig. 
2.5b), the sheet is forced into a female die cav- 
ity of the required part angle. In edge bending 
(Fig. 2.5c), the base of the sheet is held between 
a pressure pad and a die while the sheet is forced 
to yield and bend over the edge of the die. 

Equipment: mechanical press brakes, hy- 
draulic press brakes 
Materials: carbon and alloy steels; alumi- 

Sheet 

Id 

Fig. 2.5 Bending: (a) air bending; (b) die bending; (c) edge 
bending. Source: Ref 2.4 

num alloys; titanium alloys; iron-, nickel-, 
and cobalt-base superalloys; molybdenum 
alloys; beryllium; tungsten 
Process Variations: brake forming with elas- 
tic (urethane) dies, folding (bending of sheet 
held on one side only) 
Application: production of straight shapes 
from sheet and plate 

Hemming. In the hemming process, the edge 
of the sheet is folded over itself (180" or more) 
to remove the burred edge. Hemming opera- 
tions are usually done in three stages: bending 
or flanging to 90°, prehemming to approximate- 
ly 135", and hemming to 180" or more. They 
are not as rigid or accurate as a flange, but they 
very effectively remove a dangerous sheared 
edge (Fig. 2.6): 

Equipment: mechanical and hydraulic presses, 
tabletop hammer 
Materials: carbon and alloy steels, (in sheet 
form) 
Process Variations: rotary hemming, robot 
hemming 
Applications: in automobiles to join inner 
and outer doors and truck lid stampings; ap- 
pliances; used for appearance or for attach- 
ment of one sheet metal part to another 

Roll Forming. The process of roll forming is 
a continuous bending process that is used to 
produce long components of uniform cross sec- 
tions. The sheet metal is formed by passing it 
through a succession of progressively shaped, 
power-driven, contoured rolls (Fig. 2.7). The 
material thickness is not changed except for a 
slight thinning at bend radii. In this process, in 
contrast to regular bending, longitudinal strains 
are introduced: 

Equipment: roll forming machines 
Materials: carbon and alloy steels aluminum 
alloys; titanium alloys; iron-, nickel-, cobalt- 
base superalloys; molybdenum alloys; nio- 
bium alloys 

Application: production of large quantities 
of complex structural shapes from sheet; 
channels, gutters, welded pipes, and tubing. 

Roll bending gives a curvature to a sheet, bar 
or shaped section by bending it between two or 
three cylindrical rolls (Fig. 2.8) that can be ad- 
justed. Flattened cylinders and elliptical cylin- 
ders can also be formed: 

Process Variations: edge rolling 
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Fig. 2.6 Hemming: (a) flattened hem; (b) open hem; (c) teardrop hem; (d) radius flat hem; (e) modified flat hem; (0 rope hem 

Fig. 2.7 Roll forming (contour roll forming). Source: Ref 2.4 

Work piece 

Rollers 

Fig. 2.8 Roll bending. Source: Ref 2.4 

Equipment: roll-bending machines, pinch- 
roll-type machines, pyramid-roll-type ma- 
chines 
Materials: carbon and alloy steels, alumi- 
num alloys, titanium alloys 
Process Variations: roller leveling 
Applications: cylinders for pressure tanks; 
boilers; corrugated pipe; cones hoppers; reg- 
ular and irregular shapes from structural sec- 
tions for submarines, aircraft, and nuclear 
reactors 

rube bending is a method for obtaining 
tubes with one or several curvatures (Fig. 2.9). 
During bending, the tube wall will tend to move 
toward the centerline of the tube. As a result, the 
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circular tube may tend to become oval. There- 
fore, many tube bending techniques use man- 
drels to maintain the original cross section of 
the tube during bending: 

Equipment: special tooling, rotary draw of 
compression bending machines 
Materials: all ductile materials 
Process Variations: rotary draw bending, 
compression bending, ram bending, press 
bending 
Applications: manufacturing of furniture, 
performing for tube hydroforming, various 
structural hardware applications 

Flanging is essentially a bending operation 
around the curved edge. Due to the nature of the 
curvature, the process is called either stretch 
janging (concave edge curvature) or shrink 
janging (convex edge curvature). Flanges help 
to achieve stiffness in a formed part and can be 
used to facilitate assembly or as a preforming 
operation as in hemming. Various examples of 
flanging are illustrated in Fig. 2.10. 

Materials: all sheet materials 
Equipment: press and appropriate tooling 

Process Variations: hole flanging, reverse 
flanging, jogged flange 

M A  

Fig. 2.9 Typical tube bending operation; thickness distribution around and along the cross-section of the bent tube; springback 

Straight flange Stretch flange Shrink flange 

Reverse flange Jogged Range Hole flange 

Fig. 2.1 0 Various types of flanges 
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Applications: preforming operation in hem- 
ming, to provide ease in assembly 

Hole flanging is a method of forming under 
combined compressive and tensile conditions 
using a punch and die to raise closed rims 
(flanges) on cut-out orifices (Fig. 2.11). The 
orifice can be on the flat or in the curved sur- 
faces. Flanges are often provided with female 
threads for the purpose of connecting sheet 
metal parts: 

Equipment: press 
Materials: all sheet materials 
Process Variations: flanging 
Applications: used for appearance and as- 
sembly ease 

Hole flanging involves stretch flanging of a hole 
in the product. Higher hole flanges require a 
smaller punched hole diameter to provide the 
required additional material. 

Joggling is the process of making an offset in 
a flat plane by two parallel bends in opposite 
directions at the same angle (Fig. 2.12). Jog- 

gling permits flush connections to be made be- 
tween sheets, plates, or structural sections. 

Equipment: mechanical presses, hydraulic 
presses 
Materials: alloy steels; aluminum alloys; ti- 
tanium alloys; iron-, nickel-, and cobalt-base 
superalloys; molybdenum alloys; niobium 
alloys; beryllium; tungsten 
Applications: forming of aerospace parts 

2.5 Blank Preparation 

Sheet Leveling/Roll Strengthening. Roll 
straightening is used to eliminate undesirable 
deformations in sheet metal, wire, rods, or 
pipes. Each roll is usually driven separately 
with individual electric motors. The material is 
flexed in opposite directions as it passes through 
the sets of rollers (Fig. 2.13). 

Equipment: rotary-roll leveling equipment, 
parallel leveling equipment, automatic press 
straighteners, epicyclic straighteners 

Punch 

Fig. 2.1 1 Hole flanging. Source: Ref 2.4 

Specimen-folded angle seclion 

(a) 

Fig. 2.1 2 Joggling: (a) universal joggle die; (b) joggled flange 
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Work piece 

Fig. 2.1 3 Roll straightening. Source: Ref 2.4 

Process Variations: parallel role straighten- 
ing, automatic press straightening, rotary- 
roll straightening, parallel-rail straightening, 
epicyclic straightening, moving-insert straight- 
ening 
Applications: eliminating residual stresses, 
twist, face, and edge camber 

Shearing and Blanking/Piercing. The pro- 
cess of shearing is the cutting action along a 
straight line to separate metal by two moving 
blades. In shearing, a narrow strip of metal is 
plastically deformed to the point where it frac- 
tures at the surfaces in contact with the blades. 
The fracture then propagates inward to provide 
complete separation. It is used for production 
blanks: 

Punch 

Fig. 2.1 Blanking. Source: Ref 2.4 

blank. If the amount of shape change required 
in deep drawing is too severe, then more than 
one drawing operation is required to form the 
part completely. The second step and any fur- 
ther steps, if needed, are referred to as redraw- 
ing (Fig. 2.15b). In reverse drawing (Fig. 2.15c), 
which is another related operation, an initially 
drawn part is positioned face down on the die so 
that the second drawing operation produces an 
inversely drawn part: 

Equipment: squaring shears 
Materials: all metals, plastics 
Process Variations: fine blanking, nibbling, 
notching, punching, piercing (Fig. 2.14) 
Applications: in producing blanks for subse- 
quent operations; trimming of flanges, prep- 
aration of holes 

Equipment: hydraulic presses, mechanical 
presses, transfer presses 
haterials: carboh and alloy steels, alumi- 
num alloys, titanium alloys, high-temperature 
alloy 
Process Variations: deep drawing with mul- 
tiple acting punch, deep drawing with rigid 
contour punch, rubber forming without 
blank holder, rubber forming with blank or- 
der (Marform process), drawing against liq- 
uid (Aquadraw process), explosive forming, 
hydroforming 
Applications: drawing of deep and shallow 

Blanking involves shearing a piece out of stock 
(strip of sheet metal) to a predetermined con- 
tour. It results in excessive waste of metal com- 
pared to cutoff and parting. However, the blank 
shape makes the use of blanking a necessity in 
most cases. It is performed in a die operated by 
a press. 

2.6 Deep Drawing 

cups, ammunition sheets, cartridge cases, 
beverage cans, sinks, cooling pots; drawing 
of irregular curved forms as in automotive 
body panels 

Deep Drawing Using Hard Dies. In deep 
drawing (Fig. 2.15a), a sheet blank (hot or cold), 
usually subjected to a peripheral restraining 
force, is forced by a punch into and through a 

" _  

die to form a deep recessed part having a wall 
thickness essentially the same as that of the 

Sheet Hydroforming with Punch. In sheet 
hydroforming, one of the die halves is replaced 
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with fluid under pressure. In sheet hydroform Materials: carbon and alloy steels, alumi- 
ing with punch, the punch is pushed against the num alloys 
fluid pressure (Fig. 2.16): Process Variations: high-draw technique, 

Marform process, rubber forming, bladder Equipment: double-action hydraulic presses, forming special machines 

WI 

Fig. 2.1 5 Drawing operations: (a) single deep drawing with blank holder; (b) redrawing; (c) reverse drawing. Source: Ref 2.4 

(4 (b) 

Fig. 2.1 6 Sheet hydroforming with punch: (a) before deformation; (b) during deformation. Source: Ref 2.4 
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Application: deeply recessed parts with or 
without flanges, produced in relatively small 

thickness, part complexity, and the smallest cor- 
ner radius of die geometry: 

batches 

Sheet hydroforming with die is an alterna- 
tive to the deep drawing process where the 
punch is replaced by hydraulic medium that 
generates the pressure and forms the part (Fig. 
2.17). The forming operation in this process can 
be divided into two phases. Phase 1 involves the 
free forming operation where the sheet bulges 
freely in the die cavity until it contacts the die 
surface. Free bulging ensures uniform deforma- 
tion in the sheet, which improves the dent resis- 
tance of the hydroformed part compared to parts 
formed in hard dies, that is, with a female die 
and a male punch. However, after a large por- 
tion of the sheet leans against the die wall, the 
flow of sheet metal is restricted because of fric- 
tion at the sheet-die interface. Phase I1 involves 
calibrating the sheet against the die cavity to 
obtain the final desired shape, where a high 
fluid pressure is required. The level of this fluid 
pressure depends on the sheet material and 

Blank holder 

Fig. 2.1 7 Sheet hydroforming with die 

Equipment: hydraulic press, special ma- 
chines 
Materials: carbon and alloy steels, alumi- 
num alloys 
Process Variations: double-blank sheet 
forming 
Application: auto-body panels having with- 
out sharp corners, dent-resistant parts, low- 
production-volume products 

Fluid Bladder (Diaphragm) Forming. In 
this process, the sheet is forced over a forming 
punch or into a forming die by the pressure ex- 
erted on it by a thick rubber pad (Fig. 2.18). The 
pad, which is soft, is driven by the action of oil 
filled bladder, which is contained between the 
pad and the containing structure: 

Equipment: Verson-Wheelon and ABB Flex- 
form presses 
Material: carbon and alloy steels, aluminum 
alloys 
Process Variations: sheet hydroforming with 
punch or die 
Applications: in aerospace, automotive, elec- 
tric lightning, and cookware industries; pro- 
duction of parts with reentrant wall profiles 
and bottom C-flanges 

Marform Process (Rubber Pad Forming). 
In the Marform process, the blank is gripped 
between a blank holder and a rubber pad con- 
tained inside a retainer ring attached to the ram 
(Fig. 2.19). As the ram moves down, the blank 
is drawn over the punch (form block) under the 

Hydraulic inlet 

Press housing 

Flexible hydra1 
fluid cell 

I P  4 Hydraulic fluid 

uli( 

Rubber pad 

Blank 

Sliding table 

Form block 
(4 ' Press frame (b) 

Fig. 2.1 8 Fluid bladder and diaphragm process: (a) before; (b) during forming. Source: Ref 2.8 
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Ram motion 

Fig. 2.1 9 Marform process: (a) die open; (b) die closed. Source: Ref 2.2 

hydrostatic pressure exerted on the incompress- 
ible but pliable rubber pad: 

Equipment hydraulic presses, special ma- 
chines 
Material: carbon and alloy steels, aluminum 
alloys 
Process Variations: hydroforming process, 
high-draw technique, rubber-diaphragm form- 
ing 
Applications: deeply recessed parts with or 
without flanges 

Drop hammer forming is a process for pro- 
ducing shapes by the progressive deformation 
of sheet metal in matched dies under repetitive 
blows of a gravity-drop or power-drop hammer 
(Fig. 2.20): 

Equipment: hammers 
Materials: carbon and alloy steels, alumi- 
num alloys, titanium alloys 
Process Variations: coining, forming to size 
Applications: configurations most commonly 
formed by drop hammer forming include 
shallow, smoothly contoured, double-curva- 
ture parts, shallow-beaded parts, parts with 
irregular and comparatively deep recesses; 
used mainly in aircraft industry for low- 
volume production 

Hot stamping is a nonisothermal forming 
process for manufacturing ultra-high-strength 
parts (ultimate tensile strength = 1500 MPa) 
from manganese boron steel (22MnB5). In this 
process (Fig. 2.21), austenitized sheet material 
is formed and quenched in the same operation 
by using tools with integrated cooling channels. 
The final part has martensite microstructure that 
can be tempered to improve ductility. (See the 
chapter on hot stamping in the companion vol- 

Ram 

Die 

Sheet 

Die holder 

Fig. 2.20 Drop hammer forming 

ume, Sheet Metal Forming Processes and Ap- 
plications, for more detailed information) : 

Equipment: hydraulic press (most common), 
servo press 
Materials: manganese boron steel (MnB5) 
Applications: crash-resistant body-in-white 
components such as B-pillar reinforcement, 
A-pillar reinforcement, front and rear bum- 
per, door beam, roof rail reinforcement 

2.7 Stretch Forming 

Stretch Forming Asymmetric Parts. Stretch 
forming is very similar to deep drawing. It dif- 
fers from deep drawing in that the material is 
clamped tightly between the binder and die 
(Fig. 2.22). Deformation is restricted to the area 
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Tool m l m g  unlt 

Fig. 2.21 Principles of hot stamping (heating in furnace/forming and quenching in press) 

I Binder 
Punch --+ 

Die 4 

L Lockbeads 1 

Fig. 2.22 Stretch forming 

within the lock beads. Stretch forming is used to 
form compound curves in sheet stock: 

Equipment: hydraulic presses, mechanical 
presses 
Materials: aluminum alloys, stainless steels, 
low-carbon steels, titanium alloys 
Applications: body panels, such as doors, 
roofs, or fenders for trucks, buses, and special 
vehicles; prototype parts of large radius of 
curvature, frequently with double curvature 

Linear Stretch Forming. Stretch forming is 
a method that combines controlled stretching 
and bending of sheet metal blanks, roll-formed 
sections, and extrusions around form blocks 
(dies) to produce accurately countered parts 
without wrinkles. Usually, two opposite ends of 
the work piece are gripped in jaws and pulled or 
wrapped around the form block (Fig. 2.23): 

Process Variations: stretch-draw forming 
Applications: aircraft and aerospace indus- 
tries; production of truck bumpers, struc- 
tural frames for vehicles, monorail guide 
beams, telecommunication antennas 

Creep forming occurs when pressure is ap- 
plied to the irregularly shaped or preformed part 
placed against a heated die. In contact with the 
hot die, the part is heated and assumes the de- 
sired shape against the die by slow creep defor- 
mation (Fig. 2.24): 

Equipment: special creep forming presses 
Materials: aluminum and titanium 
Process Variations: age forming, hot die 
forming 
Application: forming of parts for the aero- 
space industry; forming of airplane wing 
skins 

Age Forming. In this process, panels to be 
shaped are restrained on a fixture of required 
contour and heat-treated or aged at a specified 
temperature for a prescribed period of time. 
During aging of the part, the material yields to 
the stress introduced by the action of holding it 
in the fixture, and it retains the contour when 
removed from the fixture after aging (Fig. 2.25): 

Equipment: special age forming fixtureslfur- 
naces 
Materials: aluminum and titanium alloys 
Application: imparting contours to panels 
and sheets in small quantities 

* Equipment: stretch forming machines Die Quench Forming. In die-quench form- 
ing, the heated work piece is formed between 
cold dies under high forming pressure without 
allowing it to contract during forming (Fig. 

Materials: aluminum alloys, stainless steels, 
low-carbon steels, commercially pure tita- 
nium 
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Collet 

Punch 

Fig. 2.23 Linear stretch forming. Source: Ref 2.4 

Principle heat and pressure 

Fig. 2.25 Age forming 

Fig. 2.24 Creep forming 

2.26). The percentage of stretch introduced in 
the metal is proportional to the coefficient of 
thermal expansion of the alloy at the processing 
temperature: 118 in. rubber 

Equipment: hydraulic presses 
Materials: aluminum and titanium alloys 
Process Variations: hydrodynamic die-quench Lower die (lead) 

forming 
Application: forming of complex parts that 
are to be formed free from warpage and re- 
sidual stresses; shaping of integrally stiff- 
ened skins 

Bulging. In bulging, an internal pressure is 
applied to form a tube to the desired shape (Fig. 
2.27). The internal pressure can be delivered by 
expanding a segmented punch through a fluid, 
or by using an elastomer: 

Equipment: mechanical presses, hydraulic 
presses 
Materials: carbon and alloy steels, alumi- 
num alloys 
Process Variations: die forming, free form- 
ing, bulging by buckling, bulging with steel 
balls, bulging with internal fluid pressure, 
explosive (magnetidelectric) bulging 
Applications: contoured tubes and shells for 
aerospace and automotive chassis applica- 
tions 

Fig. 2.26 Die-quench die with aluminum diaphragm 

Tube Hydroforming. In tube hydroforming, 
a straight or prebent tubular blank is placed in a 
closed die set. The ends of the tube are sealed, 
and the inside is filled and pressurized with a 
hydraulic fluid (Fig. 2.28). At this point the 
forming pressures can be supplied through the 
application of an axial force and/or increasing 
the internal pressure: 

Equipment: tube hydroforming press or hy- 
draulic press with tube hydroforming tool- 
ing and pressure system 
Materials: stainless steel, low-carbon steel, 
aluminum 5000-6000, copper, brass 
Process Variations: high/low-pressure hy- 
droforming, tube hydroforming by axial 
force and/or internal pressure 
Applications: forming frame rails, cross 
members, suspension and engine subframes, 
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cross-car beams, A/B/C pillars, roof rails in 
automotive industry 

Expanding. The process of expanding is a 
tensile forming with a view to expanding the 
periphery of a hollow body. As the case with 
deep drawing, rigid as well as yielding tools, 

Fluidlrubber 

medium 

Fig. 2.27 Bulging. Source: Ref 2.4 

Pressure dosure 

Filling with 
pressure medium 

Application of horizonrai 
cylinders water pressure 
mntrot. ccrntrol of 
munterpressure punch 

Pressure opening 
ejedon of pan 

active media and active energies are also used 
(Fig. 2.29): 

Materials: aluminum alloys, carbon alloys, 
stainless steel, any material with sufficient 
ductility 
Applications: appliances industry (liners, 
baskets, tubes, laundry equipment) ; beads, 
threads, flanges, bosses, flute; aircraft and 
aerospace industry (fuel tanks, missile cases, 
jet  engine rings, etc.) ; automotive industry 
(wheel rims for cars and trucks, etc.). 

Dimpling is a process for producing small 
conical flanges around holes in sheet metal parts 
that are to be assembled with flush or flat- 
headed rivets (Fig. 2.30). Dimpling is most 
commonly applied to sheets that are too thin for 
countersinking: 

Equipment: special dimpling machines 
Material: alloy steels; aluminum alloys; tita- 
nium alloys; iron-, nickel-, and cobalt-base 
superalloys; beryllium; tungsten 
Process Variations: radius dimpling, coin 
dimpling, flanging 
Applications: sheet metal parts requiring as- 
sembly with flush or flat-headed rivets 

Electromagnetic forming (magnetic pulse 
forming) is a process for forming metal by di- 
rect application of an intense, transient mag- 
netic field induced around the work piece by an 

Fig. 2.28 Tube hydroforming with axial feed and internal pressure. Source: Ref 2.4 
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energized coil (Fig. 2.31). This generates eddy 
currents in the work piece that produce its own 
magnetic field. The induced field opposes the 
primary field, producing an electromagnetic 
force that deforms the part into the surrounding 
cavity. The forming process is essentially com- 
pleted within 80 to 110 ps: 

Equipment: special equipment 
Materials: aluminum alloys 
Process Variations: electric discharge form- 
ing, explosive forming 
Applications: used primarily for single-step 
assembly of tubular parts to each other or 
other components; used to a lesser extent for 
shaping of tubular parts and shallow form- 
ing of flat stock 

Explosive forming changes the shape of a 
metal blank or preform by the instantaneous high 
pressure that results from the detonation of an 
explosive (Fig. 2.32). The work piece is clamped 
and sealed over a die, and the air in the die cavity 
is evacuated. The work piece is then placed in a 
tank filled with water. An explosive charge deto- 

Work prew 

Fig. 2.29 Expanding. Source: Ref 2.4 

nated at a certain distance generates a shock 
wave whose energy is high enough to form the 
metal. Explosive forming is reserved for large 
parts, typical of the aerospace industry: 

Equipment: special explosive forming equip- 
ment 
Materials: aluminum alloys, steels, high- 
temperature alloys 
Applications: forming of thin-wall tubing to 
contours with close tolerances; forming of 
metal plate; aerospace industry 

2.8 Incremental Forming 

Spinning is the process of shaping seamless 
hollow cylinders, cones, hemispheres, or other 
axially symmetrical metal shapes by the com- 
bined forces of rotation and pressure. Spinning 
does not result in any significant change in 
thickness (Fig. 2.33). It is a typical incremental 
forming process: 

Equipment: modified lathes, power assisted 
spinning machines, shear forming machines 
Materials: carbon and alloy steels aluminum 
alloys; titanium alloys; iron-, nickel-, and 
cobalt-base superalloys; molybdenum al- 
loys; niobium alloys; beryllium; tungsten 
Process Variations: manual spinning, power 
spinning, shear forming, tube spinning, ele- 
vated temperature spinning 
Application: forming of flanges, rolled rims, 
cups, cones, and double-curved surfaces of 
revolution, such as bells; automotive, appli- 
ance, air handling, aircraft and aerospace, 
machinery, ordnance, power generation, and 
petroleum industries 

Section through 
coined dimple 

Upset face 
of coined 
dimple 

Fig. 2.30 Ram-coin dimpling: (a) tooling setup; (b) dimpled part. Source: Ref 2.2 
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Shear forming is a process for hot or cold 
seamless shaping of dished parts by the com- 
bined forces of rotation and pressure (Fig. 2.34). 
This process differs from spinning principally 
in that it intentionally reduces thickness of the 
formed part: 

Equipment: shear forming machines 
Materials: steels, aluminum alloys, copper, 
titanium alloys 
Process Variations: cone shear forming, 
tube shear forming, roll extrusion 
Applications: hardware items such as tum- 
blers; components used in the aerospace in- 
dustry, such as rocket noses; dish-shaped 
parts produced in small and moderate quan- 
tities 

2.9 Hybrid Forming Processes 

Ironing is the process of smoothing and thin- 
ning the wall of a shell or cup by forcing it 
through a die with a punch (Fig. 2.35). The 
working of the metal is severe, and annealing of 
parts is often necessary between ironing pro- 
cesses. Ironing makes the cylindrical cups more 
uniform in wall thickness. The ironed part is 

therefore longer and more efficient in terms of 
material usage: 

Equipment: mechanical presses, hydraulic 
presses 
Materials: carbon and alloy steels, alumi- 
num and aluminum alloys, titanium alloys 
Applications: shelldcups for various uses 
(beverage cans and artillery shells) 

Coining. In sheet-metal working, coining is 
used to form indentations and raised sections in 
the part. During the process metal is intention- 
ally thinned or thickened to achieve the required 
indentations or raised sections. It is widely used 
for lettering on sheet metal or components such 
as coins (Fig. 2.36a). Bottoming (Fig. 2.3613) is 
a type of coining process where bottoming pres- 
sure causes reduction in thickness at the bend- 
ing area: 

Equipment: presses and hammers 
Materials: carbon and alloy steels, stainless 
steels, heat-resisting alloys, aluminum al- 
loys, copper alloys, silver and gold alloys 

Firing lead 

, rBlank r Die 

Coil Formed part 1 

Fig. 2-31 Electromagnetic forming (magnetic pulse forming) 
Fig. 2-32 Confined system for explosive forming. Dimen- 

sions in inches 

Spinning mandrel Work piece 
Circular blank 

Spinning roller 
(4 (b) 

Fig. 2.33 Spinning: (a) before deformation; (b) end of deformation. Source: Ref 2.4 
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Roll head 

L.~ 2 

Fig. 2.34 Shear forming 

Punch 

Fig. 2.37 Nosing 

Sinking die 

Fig. 2.35 Ironing. Source: Ref 2.4 

~ Retaining ring 

Work piece 1 

Bottoming pressure causes 
Die reduction in thickness at I \LBead I bending area 

(b) 

Fig. 2.36 (a) Coining; (b) bottoming 

5 . 1 . 1  

Top die 

Shell 

Bottom die 

Process Vhriations: coining without flash, 
coining with flash, coining in closed die, siz- 
ing 
Applications: metallic coins; decorative 
items, such as patterned tableware, medal- 
lions and metal buttons; sizing of automo- 
bile and aircraft engine components 

Nosing is a hot or cold forming process in 
which the open end of a shell (Fig. 2.37) or tu- 
bular component is closed by axial pressing 
with a shaped die: 

Equipment: mechanical and hydraulic presses, 
hammers 
Materials: carbon and alloy steels, alumi- 
num alloys, titanium alloys 
Process Vhriations: tube sinking, tube ex- 
panding 
Applications: forming of open ends of am- 
munition shells, forming of gas pressure 
containers 
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CHAPTER 3 

Plastic Deformation- 
Strain and Strain Rate 
Eren Billur, The Ohio State University 
A. Erman Tekkaya, Technische Universitat Dortmund, Germany 

METAL FORMING requires the controlled 
change of shape of metals. The shape change 
has to be quantified mathematically to deter- 
mine the amount of plastic deformation, which 
in turn is required to determine the forming 
loads and possibly the failures during the form- 
ing process. The key concept to describe the 
amount of shape change is the concept of strain. 
In this chapter, the definitions of various strain 
measures are given, along with their signifi- 
cance for the sheet forming process. 

3.1 Homogeneous or Uniform 
Deformation 

Homogeneous deformation refers to the 
state in which the magnitude of deformation 
has the same value for all material points in the 
sheet metal. A typical example of a homoge- 
neous deformation state is given during the ex- 
tension of a strip of metal until necking. In this 
case, the deformation at every point in the strip 
is identical. Figure 3.1 shows the deformation 

lnilial 
configuration 

lntermsdiafe 
configuration 

Final 
configuration 

F 

Fig. 3.1 Homogeneous (uniform) deformation of a strip 
under tensile force (Ref 3.1) 

of such a strip that is extended under an axial 
force F 

If the force is smaller than a threshold value, 
the strip will recover its original length to. This 
deformation is called elastic deformation. If the 
magnitude of the force is larger than a threshold 
value, then the deformation will be also plastic, 
resulting in an extended length after the force is 
removed. The homogeneous strain for this de- 
formation can now be defined as: 

Hence, strain is the change of length relative to 
the initial length. This strain is called the engi- 
neering strain. Note two facts for this simple 
case: 

1. The strain value is the same for any point of 
the strip. 

2. The strain under load consists the elastic 
strain, which is the recoverable part of the 
total strain when the force is removed, and 
the plastic strain, which is unrecoverable. 

The latter observation can be expressed mathe- 
matically by: 

In sheet metal forming, the elastic strain, sel, 
is much smaller than the plastic strain, spl, so we 
can usually neglect the elastic strains in describ- 
ing the plastic deformation unless springback is 
considered. Elastic strains are in the order of 

whereas plastic strains can be in the order 
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of 10-1 to loo (Ref 3.2). As a result, the total 
strain can be described by: 

e= epl since eel < epl (Eq 3.3) 

Thus, for the final length, t,, after removal of 
the force, 

(Eq 3.4) 

This engineering strain measure is not appro- 
priate for large plastic strains because the engi- 
neering strain (a) cannot correctly describe the 
extension and compression of the strip, and (b) 
cannot describe sequences of deformations 
properly. Consider, for example, the following 
two cases demonstrating the deficiencies. 

Case 1 : Tension. A strip with length to (state 
0) is uniformly extended in tension to a length 
of 2 t0  (state 1). Using Eq 3.4, the engineering 
strain (e) would be: 

Case 2: Compression. If the same strip with 
length to (state 0) is uniformly compressed of 
t0/2 (state 2), then using Eq 3.4, the engineering 
strain would be: 

Thus, the engineering strains, calculated for 
Case 1 and Case 2, show great asymmetry. Sim- 
ilarly, the use of engineering strain to study 
plastic deformation in more complex conditions 
does not describe the plastic deformation ade- 
qua te ly. 

The deficiencies can be overcome if the natu- 
ral or true strain measure is introduced. The 
definition of the engineering strain can be re- 
written in terms of the differential change of 
length d t :  

e d! “ d !  ! , - l o  de =- yielding e = sde  = s- = ~ 

1 0  0 e,!o 1 0  

(Eq 3.7) 

Hence, the engineering strain is referred to the 
initial length of the specimen. If, however, this 
change of length is referred to the current length 
t, the infinitesimal strain can be written as: 

de 
e dE=- 

Integration over the whole stretching period 
yields: 

(Eq 3.9) 

where E is known as the material or true strain. 
For deformation in tensile and compression, as 
discussed in Cases 1 and 2, the relations be- 
tween true strain, E, and engineering strain, e, 
can be illustrated as follows: 

Compression, for 
= c Tension, for 

I 2  e, = ze, 
c -0.693 +0.693 (Eq 3.10a) 

E = In’ 
c 0  

-0.5 +1 (Eq 3.10b) e=lne,eo 
c 0  

The engineering strain and the true strain can be 
related to each other: 

(Eq 3.11) 

Expanding the logarithmic function by a Tay- 
lor’s series gives: 

e2  e 3  
2 3  

E = In (1 + e )  u e - - + - - 1 . 1  (Eq 3.12) 

Hence, for small strains, the true strain value 
converges to the engineering strain value as 
shown in Table 3.1. 

Table 3.1 Comparison of engineering strain with true strain for various strain values 

e 0.001 0.010 0.02 0.05 0.10 0.20 0.50 1 .o 
& 0.0009995 0.00995 0.0198 0.0487 0.0953 0.182 0.405 0.693 
€1 e 0.9995 0.995 0.990 0.976 0.953 0.912 0.811 0.693 
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3.2 Volume Constancy during 
Plastic Deformation 

Plastic deformation is caused microscopically 
either by the slip or twinning of atomic layers. 
These operations do not change the volume of 
the metal, which would require a permanent 
change of the lattice dimensions. This fact that 
the volume must remain constant during plastic 
deformations has also been observed experimen- 
tally. 

Consider the homogeneous deformation of a 
workpiece as shown in Fig. 3.2. Volume con- 
stancy requires: 

v , = y  (Eq 3.13) 

or, in terms of the dimensions, 

a, ' b, ' = a1 ' b, ' c1 (Eq 3.14) 

Manipulating this equation by dividing both 
sides by the left terms yields: 

Hence, the condition of volume constancy 
can be described for homogeneous deforma- 
tions by the three true strains in the three or- 
thogonal directions as: 

€ a  f € b  f € c =  0 (Eq 3.16) 

One important consequence of the volume 
constancy is the observation that during a sim- 
ple tension test of a strip or rod, the cross sec- 
tion reduces as the length increases. If the cross 

section reduces uniformly over the principal 
axes, the material is isotropic in the cross- 
sectional plane. For anisotropic materials, how- 
ever, the cross section will reduce nonuniformly, 
such that for a strip, for instance, the thickness 
strain will be different from the width strain. 

Equation 3.16 is another reason for using true 
strains in metal forming. Engineering strains 
would result a complicated relationship to ex- 
press the simple identity given in Eq 3.16. 

3.3 Infinitesimal True Strains and 
Strain Rates 

In sheet metal forming, the strain states are 
usually nonuniform in space and time. For such 
complicated deformations, the use of total strain 
values that are integrated over time has no phys- 
ical meaning. Also, the use of overall dimen- 
sions for computing the strains is no longer 
applicable. Therefore, for advanced analysis of 
metal forming processes, the so-called inzni- 
tesimal strains or strain rates are used for the 
mathematical description of instantaneous plas- 
tic deformation. 

To determine the local strain at a material 
point (instead of the uniform strain value con- 
sidered in Section 3.2), consider an infinitesimal 
rectangular material element ABCD on a sheet 
that deforms within an infinitesimal time dt un- 
der the action of internal forces into the rhom- 
bus A'B'C'D' as shown in Fig. 3.3. The whole 
two-dimensional deformation consists of three 
basic items: 

1. Change of length of the sides in two or- 
thogonal directions x and y 

Y' 

after dt 

I 
I 

A 

Before deformation After deformation 

Fig. 3.2 Homogeneous plastic deformation of a workpiece 

X 

Fig. 3.3 Undeformed and deformed infinitesimal material 
element 
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2. 

3. 

Change of the included 90" angle between 
the sides of the infinitesimal element 
Rigid body translation and rotation of the 
whole element 

While the changes in length of the sides are de- 
scribed by the infinitesimal normal strains, the 
changes in angles are described by the so-called 
infinitesimal shear strains. The rigid body trans- 
lations and rotations change the orientation of 
the infinitesimal element but do not contribute 
to the change of the shape of that element and 
are therefore not considered in the analysis of 
true deformation requiring mechanical energy. 

If the displacement field leading to the de- 
scribed deformation can be described by du and 
dv for point A, the infinitesimal normal strains 
in the directions x a n d y c a n  be obtained by: 
- -  

(Eq 3.17) A'B' - AB - d(du) dE,= - - 

AB d X  
-~ 
A'D' -AD - d(dv) 

dE,= ~ - 

AD aY 
(Eq 3.18) 

The first of the double indices represents the di- 
rection of the line element considered, and the 
second represents the direction of extension of 
the element. Hence, the index-pair xxin Eq 3.17 
means that this strain is the strain of the line ele- 
ment in direction x being extended in the same 
xdirection (Ref 3.3). 

Note that, for the infinitesimal dsplacements 
within the infinitesimal time dt, the infinitesimal 
engineering strain and the infinitesimal natural 
strain are practically identical, that is, 

k, A de, and k w A  dew (Eq 3.19) 

In this two-dimensional deformation state, the 
only independent change of angle is the change 
of angle at A: 

half of change of &A: ds,, 

(Eq 3.20) 1 
2 

= - (&B'A'Q + &RAID') 

From Fig. 3.3, this change, called the injnitesi- 
mal shear angle, & can be expressed in terms 
of the infinitesimal displacements: ? 

1 d(dv)  d ( d u )  
2 [  ax +TI d s  = - -  (Eq 3.21) 

The indices x and y here indicate the directions 
of the sides including the original (undeformed) 
90" angle. In contrast to the definitions of true 
and engineering normal strains, the relation for 
shear strains is by definition: 

A 1  dEv = -de, 
2 

(Eq 3.22) 

Since the whole deformation occurs in time in- 
terval dt, the change of the normal strain in the 
xdirection per unit time, or the strain rate, can 
be expressed simply by (Ref 3.4): 

Simplifying this equation yields: 

. du 
E ,  =- 

t J X  
(Eq 3.24) 

Here, U is the instantaneous material point 
velocity in the x-direction. Similarly, in the 
ydirection: 

resulting in: 

dV (Eq 3.26) 

with V the instantaneous material point velocity 
in the ydirection. The shear strain rate is: 

=L(",") 2 ax ay 
(Eq 3.27) 

Note the following: 

1. These three strain rate components describe 
the instantaneous shape change of the ma- 
terial independent of the magnitude of the 
total strain and the displacements. This 
means that these strain rates can be used in 
the description of deformation in metal 
forming processes. 
The three strain rate components are the 
complete set of deformation measures that 

2. 
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describe the whole shape change of the ma- 
terial at a specific point of the sheet metal 
for plane deformations. 

Usually the analysis of deformation in a single 
plane is not sufficient, and the general three- 
dimensional case must be considered including 
the z-direction. For this case, three further strain 
rate components must be introduced: The nor- 
mal strain rate in the z-direction: 

dw 
dZ 

s, =- (Eq 3.28) 

withii the instantaneous material point velocity 
in the z-direction; and the two shear strain rates: 

and 

EYZ =-(-+-) 1 dV dW 
2 dz ay 

(Eq 3.29) 

(Eq 3.30) 

Hence, for the most general three-dimensional 
deformation case, the complete set of strain rate 
components consists of three normal strain rate 
components and three independent shear strain 
rate components. 

In sheet metal forming, axisymmetric de- 
formation problems occur frequently. In these 
cases, it is useful to use, instead of a Cartesian 
coordinate system, a cylindrical coordinate sys- 
tem as shown in Fig. 3.4. Here the three indepen- 
dent coordinates of a point P a r e  the radius r, the 
axial coordinate z, and the circumferential an- 
gle 0. 

a 

Fig. 3.4 Cylindrical coordinate system for axisymmetric 
problems 

The three normal strain rates are (Ref 3.5): 

and the only nonvanishing shear strain rate is: 

, 1 du, 
E ,  -- ~ 

- 2 (  dz +%) (Eq 3.32) 

3.4 Principal Strains and Strain Paths 

In the general two-dimensional deformation 
state, besides the two normal strain components, 
one shear strain component also exists. For 
analysis of deformation and mechanics, it is 
preferred to work in the so-called principal 
strain directions, for which only normal strain 
components exist. 

To introduce the concept of principal direc- 
tions, consider the sheet strip extended as shown 
in Fig. 3.5. Consider the two squares drawn on 
the sheet before applying the tensile force. One 
of the squares has its edges along the tension 
direction and normal to this; the other is rotated 
by 45" to the tension direction. Figure 3.5(b) 
shows the two squares after the extension of the 
strip. The larger square deformed into a rectan- 
gle and the smaller one deformed into a rhom- 
bus. Although both initially square geometries 
represent the same deformation, one does not 
show any shearing, that is, change of angles, 
whereas the other shows shear strains as well as 
normal strains. For every deformation, it is pos- 
sible to find a unique orientation of an initially 
square element that will be deformed after an 
infinitesimal time step into a rectangular shape. 
The element in this special unique orientation is 
named the principal directions, and the normal 
strains (rates) are named principal strains or 
principal strain rates. For convenience, the 
principal strain directions are designated by Ar- 
abic numbers 1, 2 ,  and 3. Hence, for the princi- 
pal strain directions the three normal strains are: 

Si,SZ,S3 or 61,62,63 (Eq 3.33) 

fa) Element before deformatton (b) Element after 
deformation 

Fig. 3.5 Principal strain directions 
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A crucial concept in sheet forming for decid- 
ing whether total strains or strain rates must be 
used in the analysis is the strain path concept. 
For the two-dimensional deformation mode, the 
strain rate ratio is defined by: 

with the equivalent amount of hardening. This 
single plastic strain (rate) value is called eguiva- 
Ientstrain (rate). 

The von Mises equivalent plastic strain, r, is: 

- E =J;[(E;+E;y+E:z)+?(E:y+E;z +,a)] 
(Eq 3.34) 

(Eq 3.37) 

If this strain ratio is constant over the whole 
deformation of the material element, and if the 
shear strain rate is zero or nearly zero, then it is 
possible to integrate the strain rates, and the to- 
tal logarithmic strains correctly represent the 
deformation pattern: E = J e d t  

E ,  = JE,dt 

The total equivalent plastic strain can be inte- 
grated Of the constancy Of the 
strain ratios: 

(Eq 3.38) - 

t 

E This equivalent strain is the basis of the flow 
curve characterizing the plastic behavior of 
metals, as discussed in Chapter 5, “Plastic De- 
formation-State of Stress, Yield Criteria Flow 
Rule, and Hardening Rules,” of this book. 

If the strain ratio is constant and the shear 
strains are vanishingly small, the equivalent 
plastic strain can be also computed from the 

if and only if a = 5 
YY 

(Eq 3.35) 

In this case, the total true strains are also the 
principal strains: 

= const. and E v  = 0 

If the deformation is homogeneous over the 
sheet or portions of the sheet, then for constant 
strain ratio case, the total true strain can be 
computed using macroscopic dimensions as 
given by Eq 3.15, for instance. 

These concepts are applied extensively in the 
experimental measurement of strains by visio- 
plasticity concepts or also in evaluating the va- 
lidity of the forming limit diagrams discussed 
later in this book. 

3.5 Equivalent Strain Rate and 
Equivalent Strain 

The complex states of plastic strain in metal 
forming can be transformed into a single strain 
value that represents the strain in simple tension 

three principal strains: 

(Eq 3.39) 
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CHAPTER 4 

Plastic Deformation-Flow Stress, 
Anisotropy, and Formability 
Hari Palaniswamy, Altair Engineering, Inc. 
Eren Billur, The Ohio State University 

WHEN A MATERIAL is deformed, two 
types of deformation occur: elastic and plastic. 
The elastic phase is the initial phase, in which 
the material will change shape as load is ap- 
plied. However, when the load is removed, the 
material returns to its original shape. The rela- 
tionship between load and deformation in the 
elastic phase is linear. In most metallic materi- 
als, when load is increased further, the deforma- 
tion will enter the plastic phase. In this region, 
the material deforms permanently. The load- 
deformation relationship in the plastic region is 
nonlinear, as a result of phenomena such as 
strain hardening and area reduction. To under- 
stand all these fundamental issues, it is conve- 
nient to understand the tensile test. 

4.1 Tensile Test 

In the tensile test, a standard size specimen, 
as shown in Fig. 4.1, is cut out from the sheet 

metal and pulled slowly until it breaks. The 
specimen is held by the special fixtures that grip 
its wider ends without influencing the deforma- 
tion. These fixtures also ensure that the speci- 
men is held straight during the test. They are 
attached to the fixed and moving crossheads of 
the tensile test device as shown in Fig. 4.2. An 
extensometer is attached to the specimen to 
measure the elongation over an original gage 
length, 1,. 

During the test, the moving crosshead that is 
guided by the columns is moved, extending the 
specimen along its length, inducing tensile load. 
Throughout the test, the load applied by the 
crosshead, the crosshead of displacement, and 
the elongation of gage length, measured by an 
extensometer, are recorded in real time. The test 
is conducted in accordance with the standards 
specified by the American Society for Testing 
Materials (Ref 4.1, 4.2). 

Engineering Stress-Strain Curves. In order 
to obtain fundamental material properties, the 

Fig. 4.1 Tensile test specimen, according to ASTM E8 (Ref 4.1) 
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force-elongation curve, obtained in a tensile test 
(Fig. 4.3), can be normalized with respect to the 
geometry to calculate stress and strain. Thus, 
the curve obtained will be independent of the 
initial sample dimensions (Ref 4.3). The engi- 
neering stress, cs, is defined as the force, F, di- 
vided by the original cross-sectional area of the 
tensile specimen, A,: 

F 
O e  =- 

A" 

Similarly, the engineering strain, e, is given 
by (see also Eq 3.4): 

e=-x100% 0% 4.2) 
A1 

1, 

toturnn 

where e is the engineering strain, 1, is the origi- 
nal gage length, and AZ is the elongation of 1, 
during the test. Engineering strain is usually ex- 
pressed as percentage. Engineering stress-strain 
curves are useful for design purposes, that is, 
when plastic deformation is not desired. 

As illustrated in Fig. 4.4, engineering stress- 
strain curves are useful to determine several ba- 
sic mechanical material properties: 

Yield strength (Yor 04 indicates the start of 
plastic deformation. Yield strength can be 
determined by any of the three techniques as 
illustrated in Fig. 4.5. 
Ultimate tensile strength (UTS or oUTJ is 
the maximum engineering stress in a tensile 
test and signifies: (1) the end of uniform 
elongation and (2) start of localized necking, 
that is, plastic instability, as discussed later. 
Elastic modulus ( E )  (also known as Young's 
modulus) is the slope of the elastic part of an 
engineering stress-strain curve. 
Uniform elongation (eJ is the elongation at 
the maximum load. 
Total elongation (et) (also known as elonga- 
tion at break) is the total elongation of the 
original gage length of a tensile specimen at 
fracture. This includes both uniform (eJ and 
postuniform elongations. 
Area reduction (A,) is the percentage of re- 
duction in the area, and calculated by cross- 
section area at fracture (A,) and initial cross- 
section area (A,) : 

Fig. 4.2 Schematic of a fifiure used in a tensile test 

Elongation, d l  

Fig. 4.3 The schematic of the force-elongation curve, ob- 
tained from a tensile test (I, = uniform elongation, 

I, = total elongation at fracture) 
Fig. 4.4 Engineering stress-strain curve; UTS, ultimate ten- 

sile strength (Ref 4.4) 
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The total elongation at fracture, e,, and the 
total area of reduction at fracture given by Eq 
4.3, A,, are considered to be indications of mate- 
rial ductility. However, the uniform elongation, 
eu, better represents the ductility or formability 
of the specimen material in uniaxial deforma- 
tion since, for all practical purposes, after neck- 
ing (i.e., when uniform elongation is exhausted), 
the material can be considered to have failed. 

True Stress-Strain Curves. The stress and 
strain definitions given above, are based on the 
original cross-sectional area of the tensile speci- 
men. Hence, they are known as engineering 
stress and strain. True stress is based upon the 
instantaneous cross-sectional area: 

F 
A 

rJ=- 

where cs is the true normal stress, F is the ap- 
plied load, and A is the instantaneous cross- 
sectional area. True stress values are more ac- 
curate measures of stress than engineering val- 
ues for large deformations (Ref 4.4, 4.6). True 
stress can be calculated through these equations 
(Ref 4.3): 

Similarly, true strain is calculated by consid- 
ering the instantaneous gage length of the speci- 

Y 

Y 

men (1) instead of the initial length (I,) (com- 
pare Eq 3.7): 

1 

A true stress-strain curve does not reach a 
maximum like an engineering curve, as shown 
in Fig. 4.6, because by definition it can be drawn 
up to the strain value corresponding to the start 
of necking; that is, Eq 4.5 is valid in the range 
of uniform elongation. 

Fig. 4.7 shows tensile data for a draw-quality 
steel (AKDQ), an aluminum alloy (A1 5754), 
and a high-strength steel (DP600). Force and 
elongation are the measured values; stress-strain 
curves are calculated using the equations above. 

Stress-Strain Relationships. By using the 
tensile test and Eq 4.1 to 4.6, it is possible to 
determine uniaxial stress-strain relationships, 
both in elastic and in plastic regions. The consti- 
tutive equations, such as Hooke's law and Hol- 
lomon's (power) law, relate stress and strain or 
load and deformation. These relations are useful 
to display the data for practical and design pur- 
poses. In the elastic region, Hooke's law can be 
used to relate stress to strain: 

where E is the modulus of elasticity. This is a 
linear relation, so the modulus of elasticity can 
be determined from the slope of the engineering 
stress-strain curve in the elastic region (Ref 
4.7). In the plastic region, the relationship be- 

-1 Strn'n Spcclficd cxtcnslo" under load ; iecified otfyet, generally 0.2% n 

. F 

Strain 

Fig. 4.5 Determination of yield strengh: (a) offset method, (b) efiension under load method, and (c) autographic diagram method 
(Ref 4.1, 4.5) 
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tween stress and strain is nonlinear. In this re- 
gion, true stress-strain definitions are used. A 
simple and commonly used empirical stress- 
strain relationship is Hollomon's (power) law: 

O V S .  E &= In(l+e) 

\ 

Strain 

Fig. 4.6 Comparison of engineering and true stress-strain 
curves (Ref 4.7) 

where K is the strength coefficient and n is the 
strain-hardening exponent. Some other equa- 
tions are listed in Table 4. l .  

Anisotropy. In sheet materials, the micro- 
structure may be either uniform in all directions 
(isotropic) or aligned in a certain direction (an- 
isotropic). Anisotropy is considered in two 
forms: (1) normal and (2) planar. Normal an- 
isotropy measures the change in material char- 
acteristics, which differ through the thickness of 
the sheet, while planar anisotropy measures ma- 
terial characteristic differences in various direc- 
tions within the plane of the sheet, as shown in 
Fig. 4.8. 

The microstructure of the metal can have 
great impact on the ability of the metal to be 
formed into the desired shape. A prevalent 
cause for planar anisotropy in sheet metals is 
the rolling direction (Ref 4.7). During process- 
ing of sheet metal, the rolling operation elon- 
gates and aligns the grains of the metal's mi- 
crostructure in the rolling direction and packs 

(b) ( C )  

Fig. 4.7 Examples of tensile data: (a) force-elongation, (b) engineering, and (c) true stress-strain curves 
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Table 4.1 Flow curve equations (Ref 4.3, 4.1 2, 4.1 3) 

Name Eauation Comments 

oo is initial yield stress 
Used for small plastic strains (Fig 4 . 1 2 ~ )  
rn is strain rate sensitivity 

- Ludwik 
Linear strain hardening 
Fields and Backofen 
Voce 

o = oo + K F  
is= oo -PF 
o = KEFm 
o = a + (b  - a) [ 1 - exp(- Z)] 

- 
- 

Fig. 4.9 Sheet orientations relative to normal and planar 
anisotropy (Ref 4.8) 

Fig. 4.8 True stress-strain curve of Al 1 1  00-0, plotted on 
log-log scale (Ref 4.7) 

rO - 2r48 + r90 Ar = 
2 

the grains in the thickness direction, which 
leads to significantly different strength proper- 
ties in “rolling” and “transverse or perpendicu- 
lar to rolling” directions. 

The degree of anisotropy in the sheet material 
between in plane and through thickness is de- 
fined using the plastic strain ratio (also known 
as the Lankford coefficient), I: 

(Eq 4.9) 

where E ,  is the width strain and E ,  is the thick- 
ness strain, as depicted in Fig. 4.9. If the ratio is 
equal to 1,  then the material is isotropic. The 
plastic strain ratio also describes the material’s 
resistance to thinning. Materials with higher r 
values are desirable for forming due to their re- 
sistance to thinning, while a material with lower 
rvalues will thin early and possibly rupture dur- 
ing forming. 

The plastic strain ratio, r, is determined rela- 
tive to the rolling direction of the sheet material 
usually along directions parallel (ro), diagonal 
(r4J, and transverse (rgo) to rolling direction (see 
Fig. 4.8). The weighted average, r,, of these 
strain ratios, referred to as normal anisotropy, is: 

rO + 2r48 + r90 rm = 
4 

(Eq 4.10) 

Anisotropy within the plane of sheet material 
is referred as planar anisotropy and is defined 
using the strain ratios: 

(Eq 4.11) 

where ro, r45, and rgo are the strain ratios. The 
planar anisotropy is useful for determining the 
earing tendency of the material. The “earing 
tendency” is simply the likelihood that the sheet 
will draw nonuniformly and form “ears” in the 
flange of a drawn cup (Fig. 4.10). 

List of Material Properties. The material 
properties useful in sheet metal forming are 
listed in Table 4.2. These properties are deter- 
mined using tensile test. 

4.2 Flow Stress Curves 

Stress Components. In tensile test, the load 
is uniaxial. However, in an actual metal forming 
operation (Fig. 4.1 1) , forces may be applied in 
any number of directions, so the stress must be 
organized by directional components: om, ow, 
and oz. These stresses, known as normal stress 
components, are dependent on their relative 
force and the area normal to that force: 

where A,= is the area normal to the %direction, 
A,, is the area normal to the y-direction, and A, 
is the area normal to the z-direction. 

Shear stress components are dependent on ar- 
eas tangent to the force directions and are de- 
fined as: 
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F 
A 

where 

with the normal stress, shear stress is also direc- 
tion dependent, and there are a total of six shear 
stress components: T?, T ~ ~ ,  T,, T,, T ~ = ,  and T=~. 

moments, Pairs of shear stresses with the Same 
subscripts are always equal (i.e., T, = yJ. Hence, 
there are three orthogonal shear stresses: 

(Eq 4.13) 7 =- 

is the shear stress, F is the applied However, since there 1s a static equilibrium of 
force, and A is the area tangent to that force. As 

Flow Stress. In metal forming processes, the 
forming loads and material stresses depend on 
the part geometry, friction, and flow stress of 
the metal being formed. When the applied stress, 
in uniaxial tension, without necking, reaches the 
yield stress (flow stress), the material is consid- 
ered to begin deforming plastically. Flow stress 
is simply the yield stress of a material undergo- 
ing uniaxial deformation, as a function of strain, 
strain rate, temperature, and microstructure: 

Fig. 4.1 0 Definitions of width and thickness strains in a 
tensile specimen (Ref 4.9) 

Table 4.2 Material properties useful in metal forming (determined by tensile test) (Ref 4.1 0) 

(Eq 4.15) 

Strength Strain Strain 
Young’s Yield Tensile Uniform Total Average Planar coefficient hardening rate 

modulus, lo6 strength, strength, elongation, elongation, strain ratio anisotropy, (0, ksi exponent, sensitivity 
Material psi (MPa) ksi (MPa) ksi (MPa) % % (raw) r WPa) n (4 

30 28 43 24 43 1.8 0.7 77 0.22 0.013 
(207) (193) (296) (529) 
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drawing-quality 
steel 
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301 stainless steel 
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2008 aluminum 
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where 0 is the flow stress, 8 is the tempera- 
ture, E is the effective strain (see Section 3.5), 
E is the effective strain rate, and S is the 
microstructure. 

The flow stress of most metals, deformed at 
room temperature, increases with increasing 
strain. This phenomenon is known as strain or 
work hardening. Strain hardening is the result 
of interaction of inclusions or dislocations in the 
crystalline structure of the metal (Ref 4.11). 

Flow Curve Equations. Flow stress curves 
are very important in design of metal forming 
processes, since they describe the material be- 
havior during deformation. To be useful, flow 
stress curves must be determined at the specific 
strain, strain rate, and temperature as the defor- 
mation process being studied. Many different 
methods for mathematically representing the 
flow stress curves have been developed. For an- 
nealed materials experiencing plastic deforma- 
tion at room temperature, the power law (also 
known as Hollomon's law) is a good approxi- 
mation of the flow stress (Fig. 4.12a) (see also 
Eq 4.8): 

- 

/ 
X 

/ / Tzx 

Txz 

o x x  /L Txy 

i 
Area = A,, 

/y Area = A,, 

0 = KZ" (Eq 4.16) 

For prestrained materials, the power law must 
be shifted, as shown in Fig 4.12(b): 

0 = K ( I  0 + I ) n  (Eq 4.17) 

This equation is known as Swift's law, where 
E, represents prestrain of the material (Ref 
4.13). 

In addition to Hollomon's and Swift's laws, 
there are several other flow curve equations, as 
shown in Fig. 4.12 and tabulated in Table 4.1. 

4.3 Methods to Determine Flow Stress 
of Sheet Materials 

In addition to the tensile test, explained in 
Section 4.1, the hydraulic bulge test (Ref 4.14- 
4.16), plane strain compression (Ref 4.7), shear 
test (Ref 4.17, 4.18), and in-plane compression 
test (Ref 4.19) are used to estimate the flow 
stress of the sheet materials at room temperature 
(Table 4.3). Only the tensile and hydraulic bulge 
tests are described here, because they are most 
commonly used. 

Tensile Test. The tensile test, as explained in 
Section 4.1, is commonly used for determining 
the mechanical properties of metals. However, 
the material properties determined from the ten- 
sile test are more useful for designing compo- 
nents than for manufacturing parts by a metal 
forming process. That is because, in the tensile 
test, the flow stress data can be obtained only 
for small amounts of plastic strains due to neck- 
ing. Tests that provide flow stress data over a 
large range of strain are more suited to deter- 
mine flow stress for metal forming analysis and 
quality control. Fig. 4.1 1 Sheet metal drawn cup that exhibits earing in 

deep drawing (Ref 4.5) f r  a =oo+ P E  a = C  

Fig. 4.1 2 Nine components of stress (Ref 4.7) 
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At room temperature, the 0 ~ E relation for 
most metals can be expressed with the Hollo- 
mon’s (power) law: 0 = K S .  The strength coef- 
ficient, K and strain-hardening exponent, n, can 
be obtained from the graphical representation of 
the curve in log-log coordinates, as illustrated in 
Fig. 4.13. The strain-hardening exponent, n, is 
given by the slope of the curve, and the strength 
coefficient is the true stress value when the true 
strain is equal to 1. It should be noted that at 
small stresses, an experimentally determined 
curve may depart from the curve given by Hol- 
lomon’s law. In that case, other values of n and 
Kmay be specified for different ranges of effec- 
tive strain. In practice, the coefficient n is often 
used as an indication of material formability be- 
cause it corresponds to the value of uniform 
elongation in the engineering stress-strain curve, 
as illustrated below. 

The instantaneous load in tension is given by 
F = 0 A .  The criterion for instability in tensile 
test (necking) can be formulated as the condi- 
tion that F b e  maximum, or: 

-=0 dF 
d-I 

(Eq 4.18) 

Near but slightly before reaching the maxi- 
mum load, the uniform deformation conditions 
(i.e., Eq 4.5 and Eq 4.6) are valid. From Eq 
4.18: 

A = A, exp (--I) + F = %lo exp (--I) (Eq 4.1 9) 

Combining Eq 4.18 and 4.19: 

(Eq 4.20) 

Table 4.3 Methods used to determine flow stress of sheet metals (Ref 4.12, 4.1 7-4.19) 

Criterion 
Plane strain In-plane 

Tensile test Hvdraulic bulge test comoression test Shear test comoression test 

Sources of error Dimensional accuracy, Anisotropy Measurement of height, Friction Buckling, friction, 

Limit of sheet thickness ~ 53 mm 25 mm ~ ~ 

Anisotropy determination Yes Yes ~ 

Standard exists Yes ~ ~ ~ * 

*The standardized compression test is for bulk forming, where the specimen is a round cylinder. the in-plane compression test (for sheet materials) is not standardized. 

necking friction anisotropy 

- Maximum strain E”= n -0 5-0 7 1-2 y = 1 - 1.5 >0.15 
~ ~ 

10000 

1000 

100 

25 

10 

/ Value of elastic modulus, E = 10x103 ksi 
which is the value of 0, when E = 1 .O by 
extrapolation of the line denoting the 
elastic region. 

1 K = 25 ksi (value of + 

Slope = n = 0.25 

111 

Slope = n = 0.25 

0.0001 0.001 0.010 0.100 1 .oo 
True Strain, E 

Fig. 4.1 3 Some of the flow curve equations used in plastic deformation studies (Ref 4.3) 
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(Eq 4.21) 

Using Hollomon's equation, strain level at 
which tensile instability occurs can be pre- 
dicted: 

or : 

This condition is shown schematically in Fig. 
4.14, where the stress and strain at the start of 
necking in a flow stress curve correspond to 
point @,Z) in the curve where Eq 4.21 is satis- 
fied. From th~s  figure and from Eq 4.23, it is 
evident that at low forming temperatures, where 
Hollomon's equation (E = P&) is valid, a mate- 

rial with a large n, or strain-hardening coeffi- 
cient, has greater formability, that is, sustains a 
larger amount of uniform deformation before 
necking in tension, than does a material with a 
smaller n. It should be noted, however, that this 
statement is not correct for materials and condi- 
tions where the flow stress cannot be expressed 
by Hollomon's equation. 

Hydraulic BulgeTest. In the hydraulic bulge 
test (also known as the viscous pressure bulge 
test), the sheet metal clamped at its edges is 
stretched against circular die using oil/viscous 
fluid as a pressurizing medium, as depicted in 
Fig. 4.15. The sheet metal bulges into a hemi- 
spherical dome, and eventually it bursts, as 
shown in Fig. 4.16. 

The flow stress of the sheet material can be 
calculated from the bulge test using an analyti- 
cal closed form solution, assuming sheet metal 
is a thin membrane (Ref 4.20, 4.21). Consider- 
ing an infinitesimal element at the apex of the 
dome (Fig. 4.17), the strain along three different 
directions (cp,O,()  is obtained from thickness 
strain and volume constancy ( E ~  ~ E, ~ E, = 0) in 
plasticity: 

& p5=;,dF I ,  =In[$, I g  = & $  =-' 2 (Eq 4.24) 

where t is the instantaneous thickness at the 
apex of the dome and to is the initial sheet thick- 
ness at the apex of the dome. The stress at the 
apex of the dome can be obtained from the force 
equilibrium normal to the infinitesimal element 
(Fig. 4.17) and assuming that the deformed 
shape of the sheet along the radius fits to a 

d o  0 
Slope = - = - 

1 

- 
& 1- 1 J=d 

Fig. 4.1 4 Schematic representation of stress-strain condi- 
tions for necking in simple tension (Ref 4 6) 

Fig. 4.1 5 Schematic of hydraulic bulge test (to = original sheet thickness, t = sheet thickness at the apex, h, = bulge height, P =  
hydraulic pressure, r, = die fillet radius, r, = die cavity radius) 



42 / Sheet Metal Forming-Fundamentals 

Ttsl spccimcn j u x l  heloi-t. Liilurc 

Fig. 4.1 6 Example test specimens from bulge test 

Tcst spvcin1c.n al'kr burst 

Calculation of the flow stress from the bulge 
test requires: (1) fluid pressure (8, (2) radius of 
curvature at the top of the dome ( R ) ,  and (3) 
thickness at the top of the dome (9 to be mea- 
sured real time in the experiment. Different 
techniques were used with the test to measure or 
calculate the thickness (9 and radius of curva- 
ture ( R )  using dome height (Ref 4.22-4.24). Be- 
cause of the practical difficulties in measuring 
the thickness at the top of the dome and radius 
of curvature at the top of the dome, the hydrau- 
lic bulge test was not commonly used. Recently, 
the finite element (FE) simulation-based inverse 
technique was developed to estimate the flow 
stress from forming pressure and dome height 
without measuring the thickness and radius of 
curvature at the top of the dome. Thus, the flow 
stress estimation process from the bulge test is 
greatly simplified (Ref 4.16). 

The FE simulation-based inverse procedure 
to estimate the flow stress from the bulge test is 
valid for sheet materials with flow stress that 
obeys the power law 6 = m). In this method, 
the relationship between (1) the dome height 

Fig. 4.1 7 Schematic of infinitesimal element at the apex of 

sphere. The stress along the major and minor 
axis is given by: 

the bulge test dome 

G o = - ,  PR o+=-, PR o,=o 
2t 2t 

(h,) and radius of curvature at the apex of the 
dome ( R ) ,  and (2) the dome height (h,) and the 
instantaneous thickness at the aDex of the dome 

( E ~  4.25) 

(9 are obtained as a function of strain-hardening 
exponent (n) from FE simulation and stored in a 
database. The pressure (8 and the dome height 
(h,) are measured in real time by experiment. 
The flow stress is obtained from the measured 

where R is the radius of curvature at the apex 
of the dome, t is the instantaneous thickness at 
the apex of the dome, and P is the forming 
pressure. 
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data, and the FE is generated from the database 
using an iterative procedure as shown in Fig. 
4.18. 

An example curve of pressure versus dome 
height obtained in real time from experiment for 

AKDQ sheet materials is shown in Fig. 4.19. 
The pressure continuously increases with dome 
height and reaches a maximum value beyond 
which necking occurs, resulting in eventual fail- 
ure of the sheet material in the test (Fig. 4.16). 

Measurement from test 

Dome height 

Calculate equivalent stress and 
strain from analytical Eq 4 21, 4 22 

FE simulation database 
Radius of curvature 

Thickness 

A 

Fit the flow stress to power law + &" 

(*) 
Fig. 4.1 8 Iterative procedure to estimate flow stress from bulge test (Ref 4.1 6) 

1.6 

1.4 

1.2 
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g! 0.6 
n 

0.4 

0.2 

0 

n 

Necking followed by / fracture i . ~~~~~ ~~~~~ 

0 0.5 1 1.5 2 2.5 
Time (seconds) 

Fig. 4.1 9 Pressure-time measurement in a hydraulic bulge test for AKDQ sheet material 
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The pressure versus dome height up to maxi- 
mum pressure is used to determine the flow 
stress using the procedure described. The dome 
height at which failure occurs provides an index 
for formability of the material that can be used 
for quality control. 

A comparison of the flow stress obtained 
from the bulge test and tensile test for the same 
sheet material is shown in Fig. 4.20. Flow stress 
over very large plastic strain (nearly twice) can 
be obtained from the bulge test compared to the 
tensile test. This indicates that flow stress ob- 
tained from the bulge test is most appropriate 
for sheet metal forming analysis where strains 
are much larger than in the tensile test and can 
be used without extrapolation, which is needed 
when using tensile test data. Bulge test data of 
various sheet materials also are given in Chap- 
ter 6 in this volume. 

4.4 Formability 

In sheet metal forming, the initial blank is a 
flat sheet and undergoes bending, stretching, or 
a combination of bending and stretching or 
drawing to form a complex geometry. The me- 
chanical properties (flow stress and anisotropy) 
describe the ability of the sheet materials to de- 
form to produce complex parts. 

Formability describes the limit to which the 
sheet materials can undergo deformation before 

failure during forming. Several tests have been 
developed specifically to evaluate the abilities 
of a sheet material to undergo deformation by: 

Stretching (stretchability) 
Bending (bendability) 
Bending under stretching 
Stretching at the edge 
Deep drawing (drawability) 

This information significantly helps process and 
tool design engineers predict failure during 
analysis of sheet metal forming processes for 
tool design. In addition, formability information 
is also used by sheet metal part design engineers 
to evaluate manufacturability of the designed 
part and for material selection based on com- 
plexity of parts features and the strength 
requirements. 

Stretchability. Stretchability is the ability of 
the material to be stretched biaxially without 
failure. The Erichsen cup test, limiting dome 
height (LDH) test, and hydraulic bulge test are 
commonly used tests to evaluate the stretch- 
ability. 

Erichsen cup test. In Erichsen cup test, the 
sheet metal clamped at the edges is bulged 
against the circular cavity die using a ball of 
diameter of 0.787 in. (20 mm). During the test, 
the sheet metal is stretched biaxially as it de- 
forms to a hemispherical cup and eventually 
fractures (Fig. 4.21). The depth of ball travel 
before failure, called the Erichsen index (IE), is 

True strain (idin) 

Fig. 4.20 Comparison of flow stress obtained from tensile test and bulge test for sheet materials DP600 and A5754-0 
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the index of stretchability of the material from 
this test: the higher the IE, the better the stretch- 
ability. The Erichsen test has limited practical 
application because: (a) a relatively small area 
of the sheet material is subjected to deformation 
in the test, so the sheet thickness significantly 
influences stretchability limits of the material; 
(b) deformation area in the test is too small to 
represent any industrial sheet forming process; 
and (c) friction between the sheet sample and 
the spherical tool influences the test results. 

Limiting dome height (LDH) test. The LDH 
test is a larger version of the Erichsen cup test. 
In the LDH test, the circular sheet material is 
clamped at the edges using force and a lock 
bead while it is stretched biaxially at the center 
using a hemispherical punch against a circular 
die cavity (Fig. 4.22). The sheet material de- 
forms following the contour of the punch and 
eventually fractures. The height of the dome or 
the punch travel and the maximum strain in the 
dome before failure indicate the stretchability of 
the material. Friction between the sheet and the 
punch has significant effect on the test measure- 

.I 

Fig. 4.21 Schematic of the Erichsen cup test (Ref 4.25) 

Pll l lch 

ments: higher friction between the sheet and 
punch results in earlier failure. Fig. 4.23 shows 
the LDHs of several steel grades. 

Hydraulic bulge test. In the hydraulic bulge 
test (explained in Section 4.3), the sheet mate- 
rial is stretched biaxially and equally until it 
bursts. The maximum height of the dome at 
burst gives an index of the stretchability of the 
material (Fig. 4.24): higher value of dome 
height before burst indicates better stretchabil- 
ity. The tests have not been standardized, and 
therefore test results from two different tooling 
dimensions/laboratories cannot be compared di- 
rectly. In the hydraulic bulge test, there is no 
effect of friction on the deformation of the sheet 
material, so it accurately evaluates the stretch- 
ability of the material. Thus, the hydraulic bulge 
test has been widely advocated and used to as- 
sess the material characteristics of sheet mate- 
rial and quality of sheet materials coming to the 
stamping plant. An example of results from the 
bulge test from different coil/heat/suppliers of 
same-thickness SS304 stainless steel sheet ma- 
terial (Fig. 4.25) indicates that batch G has the 
highest formability while batch F is more con- 
sistent. The same was observed in forming pro- 
cesses, providing a good correlation. 

Bendability. Bendability is the ability of the 
sheet material to be bent around a corner radius 
along a straight line by 90". Bendability of sheet 
material is evaluated using a three-point bend- 
ing test. During bending, the outer fiber of the 
material is subjected to tensile stress while the 
inner fiber is subjected to compressive stress. 
The sheet material during bending begins to 
fracture when the maximum tensile stress at the 
outer fiber exceeds a critical value. The maxi- 

Fig. 4-22 Schematic of limiting dome height tooling (Ref Fig. 4-23 Comparison of stretchability results of different 
4.5) steels from limiting dome height test (Ref 4.26) 
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E a 
Sh7eet materials 

Fig. 4.24 Dome height obtained from the hydraulic bulge test for different sheet materials (die diameter = 4 in.) 

CoillHeaWSupplier 

Fig. 4.25 Dome height obtained from the hydraulic bulge test for sheet material SS304 from different sources (die diameter = 4 in.) 

mum stress in the fiber depends on the bend ra- 
dius, bending angle, and the sheet thickness. 
The bendability of the material is defined as a 
minimum r-to-t (bend radius-to-sheet thickness) 
ratio, where r is the minimum bending radius 
the sheet material can be bend over an angle of 
90" and t is the thickness of the sheet material. 
Smaller value of r to t implies better bendabil- 
ity, as the sheet material can be bent over a very 
small corner radius. Fig. 4.26 shows bendability 
of various steels. The tests have not been stan- 
dardized and therefore test results from two dif- 
ferent tooling dimensionsAaboratories cannot 
be compared directly. 

Combined Bending and Stretching Limits. 
Combined bending and stretching is a common 
deformation mode in sheet metal forming. The 

Fig. 4-26 Bendability of several steels under the three-point 
bending test (Ref 4.26) 
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stretch bend (SB) test (Fig. 4.27) is used to eval- 
uate the limits of sheet materials under stretch- 
ing and bending deformation modes. In the SB 
test, the sheet locked by the draw beads is 
stretched and bent continuously along a straight 
line by the moving punch until it fractures. The 
measure of bending under tension limit is repre- 
sented by the punch stroke (height) at which 
failure occurs in the test for different punch cor- 
ner radius-to-thickness (r-to-f) ratios. In gen- 
eral, height of failure increases with increases 
in the r-to-f ratio, as a smaller radius induces 
very high bending stress, resulting in failure at 
smaller height/punch strokes. Fig. 4.28 shows 
the height at which failure occurred for different 
steels in the SB test. For a given r-to-fratio, the 
higher the height of failure, the better the sheet 
material’s ability to bend during stretching. The 
tests have not been standardized, and therefore 
test results from two different tooling dimen- 
sionsAaboratories cannot be compared directly. 

Drawability. Drawability of the sheet mate- 
rial is defined as the ability of the sheet material 
to be drawn to a desired shape. The circular-cup 

deep-drawing process (Fig. 4.29) is used to 
evaluate the drawability of the sheet materials. 
Circular sheet blanks progressively increasing 
in diameter are drawn to circular cups with 
fixed punch dameter until the sheet material 
fractures during the drawing process. Drawabil- 
ity of the sheet material is defined as the ratio of 
the largest blank diameter (0,) to the punch di- 
ameter (D,,) that can be drawn to a circular cup 
without failure for a given material. It is also 
called limited drawing ratio (LDR). The higher 
the LDR, the better the drawability. A compari- 
son of LDR for different steel materials is 
shown in Fig. 4.30. In the test, sheet material 
deformation depends on the blank holder force 
applied, friction conditions between the tool 
and sheet material, and the tool dimensions. 
Therefore, LDRs obtained for a material from 
two different tooling\laboratories cannot be com- 
pared. 

Edge Stretching Limits. Trimmedhheared 
edges in the sheet material fail during the form- 
ing process because of excessive tensile stress 
at the edges. The edge stretchability, or the abil- 

I 

Fig. 4.27 Schematic of the stretch bend test 

Punch 

Blank holder 
force 

81ank holder 

Blank 

Die 
(draw rrng) 

R-to-/ ratio 

Fig. 4-29 Schematic of the tooling to evaluate the draw- 
Fig. 4-28 Height of failure versus r-to-t ratio obtained from 

the stretch bend test for different steel materials 
(Ref 4.28) 

ability of the sheet materials (Ref 4.4) 
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ity of sheet material edges to avoid failure, is 
commonly studied using the hole expansion 
test. In the hole expansion test, a machined/ 
pierced circular hole is expanded until fracture 
using a conical or a flat-bottom punch (Fig. 
4.31). The ratio of the change in the hole diam- 
eter just before failure to the initial hole diame- 
ter, commonly known as the percent hole ex- 
pansion, describes the edge stretchability limit 
of the material. Fig. 4.32 shows the percent hole 
expansion (%HE) for different steel materials 
obtained from a conical punch hole expansion 
test. In the hole expansion test, the quality of the 
hole edge in the sheet material significantly in- 
fluences the onset of failure. Also, the test is not 
standardized. Therefore, test results from two 
different tooling dimensions/laboratories cannot 
be compared directly. 

4.5 Forming Limit Curves (FLCs) 

In the stamping process, the deformation path 
of the material is much more complex than just 
stretching, bending, combination of bending 
and stretching, and drawing. Also, the deforma- 
tion mode varies spatially within a component 
during forming. Hence, forming limits in stretch- 
ing, bending, and drawing (as discussed in Sec- 
tion 4.4) alone may not be sufficient to predict 

Fig. 4-30 Comparison of limited drawing ratio of mild steel 
and AHSS steel (Ref 4.26) 

Blank 

Fig. 4.31 

respectively (Ref 4.27) 

Schematic of hole expansion test d0/2 and c//2 = 
hole half diameter before and after deformation, 

Ultimate Lensile strength. MPa 

Fig. 4-32 Percentage hole expansion versus ultimate tensile strength for different steel materials in a hole expansion test using 
conical punch (Ref 4.28) 
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failure in a sheet forming process. The FLC 
specifies the limits in terms of in-plane principal 
strain E, - E, that sheet material can withstand 
before failure during forming for different ratios 
of in-plane principal strains. The FLC covers 
failure limits for principal strain ratiodstrain 
paths (Fig. 4.33) from equibiaxial tension/ 
stretch forming (E, = E,), plane strain (E, = 0), 
uniaxial strain (E, = - 2 ~ , ) ,  and pure sheaddeep 
drawing (E, = - E,) commonly observed in form- 
ing a complex part. In addition to the failure 
limit curve, the FLC also provides the strain 
limit at which necking starts for different ratios 
of principal strain. The region between the 
necking curve and the failure curve corresponds 
to instability in the sheet material. However, in 
the FLC, the effect of strain due to bending is 
not included in establishing the limits. There- 
fore, the FLC must be used with caution in 
regions that undergo excessive bending. In tech- 
nical literatures, FLC is also referred as the 
forming limit diagram. FLCs are generated us- 
ing the standard Nakajima test method or Mar- 
ciniak test method. 

Nakajima Test. The Nakajima test is similar 
to the LDH test for stretchability (described in 
Section 4.4) except for the blank shape. Circular 
blanks with different circular recesses on either 
side, as shown in Fig. 4.34, are used in the Na- 
kajima test to induce different ratios of principal 
straidstrain paths in the LDH test. Increasing 
the size of the circular recess in the specimen 
reduces the principal strain (E,) encountered by 
the material, thereby covering strain ranges 
required to determine the FLC, as shown in 
Fig. 4.35. The sheet material, electrochemically 

, (E, = n) 
120 

etched with circular grids for strain measure- 
ments, is clamped at the periphery using a lock 
bead while the punch deforms the sheet against 
the circular die cavity until it fails. The dimen- 
sions of the circular grids at the failure locations 
of the sheet are measured after the test to obtain 
the limiting strains of failure. In addition, using 
the punch load/displacement curve from the 
test, the movement of the punch is stopped at 
the very onset of necking for successive test 
specimens to obtain the limiting principal 
strains at which necking begins. In modern test 
equipments, charge-coupled device cameras 
combined with optical strain measurement tech- 
niques are used to measure the strains in real 
time to obtain both necking and limiting strains 
from same specimen (Ref 4.27). 

Marciniak Test. The Marciniak test is similar 
to Nakajima test except that it uses a flat-faced 
cylindrical punch with the circular hole in the 
bottom to reduce the effect of friction on the 
FLC, as shown in Fig. 4.36. A driving blank 
may be added as well. The Marciniak test also 
uses blanks with different widths, as explained 
in the Nakajima tests, to cover entire range of 
the FLC. 

Determination of FLCs. In North America, 
FLCs for mild steel, HSS steel, and selective 
AHSS steel have been studied, and the FLC 
for the sheet material is approximated by the 
Keeler-Brazier equation based on the initial 
sheet thickness (9 and the strain-hardening ex- 
ponent (.) of the material: 

1 + (23.3 
0.21 

E, = 

E, = 

-60 -40 -20 0 20 40 60 80 
Minor strain (%) 

Fig. 4.33 Forming limit curve and grid analysis used to calculate strains 
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(Eq 4.26) where E, and E, are true major and minor strains, 
respectively. However, for AHSS steels such as 

E , = F L D ; ~ ~ - E ,  E , < O  ( E ~  4.27) DP steels and TRIP steels, these equations pre- 
dict more conservative limits, as shown in Fig. 
4.37 (Ref 4.28). 

I ,  =ln[O.6(exp(~,)-l)]+exp(FLD~~"") E ,  > O  Factors affecting the FLCs include sheet 
thickness, test conditions, and strain path. 

Sheet Thickness. This changes the FLC of the 
material. It was observed that the increase in 
the sheet thickness postpones the failure. This 
moves the FLC up along t h e y  (major strain, E,) 
axis (Ref 4.11). 

Tests Conditions. Radius of curvature of the 
hemispherical punch and the friction conditions 
influence the deformation of the material in the 
test. Increase in the friction condition results in 
earlier failure of the sheet during test, resulting 
in moving the curve down along the y (major 
strain, E,) axis. Therefore, test results from two 
different tooling dimensions/laboratories cannot 
be compared directly (Ref 4.11). 

Strain PathDeformation History: In the tests 
used to estimate the FLCs, the sheet material is 
subjected to constant strain path/deformation 
history until it fractures (Fig, 4.35). However, in 

(Eq 4.28) 

Fig. 4-34 Example specimens used in the limiting dome 
height test to obtain the forming limit curve (Ref 

4.27) 

-D.4 - 0 3  -02 -0 1 D 0 1  0 2  03 0 4  0 5  

Fig. 4-35 Relationship between the specimen shape, strain path, and fracture limit in the forming limit curve obtained from the 
limiting dome height test (Ref 4.1 1)  
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practical stamping processes, the strain paths 
are not as constant as in the test. Therefore, the 
FLCs need to be used with much care in pre- 
dicting failures in stamping process. It was ob- 
served that the FLC decreases (moves down in 
y-axis) when the sheet materials are initially 
subjected to positive minor strain ( E ~ )  followed 
by negative minor strain ( E ~ )  during deforma- 
tion. FLC increases (moves up in y-axis) when 
the sheet materials are initially subjected to 
negative minor strain ( E ~ )  followed by positive 
minor strain ( E ~ )  during deformation (Ref 4.11). 
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CHAPTER 5 

Plastic Deformation-State of Stress, 
Yield Criteria Flow Rule, and 
Hardening Rules 
Hari Palaniswamy, Altair Engineering, Inc. 

WHEN A MATERIAL is deformed, two types 
of deformation occur: elastic and plastic. Elastic 
deformation is always the initial phase of load- 
ing, in which the material will change shape as 
load is applied. However, when the load is re- 
moved, the material returns to its original shape. 
The relationship between stress and strain in the 
elastic phase is linear. In most metallic materials, 
when load is increased further, the elastic defor- 
mation will be accompanied by plastic deforma- 
tion. In this load region, the material deforms not 
only elastically but also permanently. The stress- 
strain relationship in the elastic-plastic state is 
nonlinear because phenomena such as irrevers- 

Blank holder 

ible dislocation motions are the basis of plastic 
deformations. In metal forming, elastic strains 
are smaller by several orders of magnitude than 
plastic strains. Yet, in case of sheet metal form- 
ing, they are still very significant since they are 
the reason for the springback. 

5.1 General State of Stress 

A typical sheet forming process, deep draw- 
ing, is shown in Fig. 5.1. Various stresses are 
present at distinct points in the work piece dur- 
ing the forming operation. In general, at a mate- 

(a) {b) 

Fig. 5.1 (a) Deep drawing process. (b) Various states of stress in deep drawing 
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rial point, the whole internal forces can be com- 
pletely described by stress components acting 
on three orthogonal planes passing through this 
point (Fig. 5.2). 

These stresses can be described by the com- 
ponents of the true stress (also named Cauchy 
stress) tensor: 

where om denotes the stress along the x-axis in 
the plane normal to the x-axis, commonly known 
as normal stress, with simplified notation as ox. 
Similarly, ow = oy and ozz = oz. onv denotes the 
stress along the y-axis in the plane normal to x- 
axis, commonly known as shear stress. Consid- 
ering moment equilibrium in the discretized ele- 
ment, it can be proved that onv = oyx, oxz = om, 
and oyz = o , reducing the stress components to 
six to describe the full stress state at a single 
point: 

"i: 

5.2 Principal Stresses 

In any general stress state, there exist three 
mutually perpendicular planes corresponding to 

z 

Fig. 5.2 Complete stress components at a material point P 

a coordinate system along which the shear stress 
is zero. The normal stresses in these planes are 
called principal stress, denoted by ol, oz, and 
03. They are estimated by setting shear stress 
along arbitrary plane denoted by normal 2 to 
zero: 

where I is the identity sensor. The resulting 
characteristics equation is: 

h3 - I l k ,  - I,h - I ,  = 0 0% 5.4) 

where 

The three principal stresses (ol, oz, and 03) 

can be determined by findng the roots of the 
cubic Eq 5.4. The coefficients 4 ,  4,  and 4 are 
independent of coordinate system and therefore 
are called invariants. Consequently, the princi- 
pal stresses for a given stress state is unique. 
These invariants have physical significance in 
theory of plasticity. The invariants can also be 
expressed in terms of principal stresses: 

I ,  = o, + o, + o, 
I ,  = -(",", +0203 + 0301) 
I ,  = 010203 

0% 5.5) 

5.3 Volumetric Stress or 
Hydrostatic Pressure 

The volumetric stress is the average of the 
normal stresses: 
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The stress quantity om is like three equal com- 
ponents of normal stress acting in all the three 
directions. This is equivalent to the hydrostatic 
pressure acting on a structure except that the 
sign is reversed and can be expressed in terms 
of hydrostatic pressure: 

The stress state containing only the hydro- 
static stress is called the hydrostatic stress 
state. The important experimental observation 
is that the hydrostatic stress state does not 
cause any plastic deformation. This is easily 
verified by the physical fact that plastic defor- 
mation requires shearing of atomic planes, 
which in turn requires shear stresses. Since no 
shear stress is given in a hydrostatic stress 
state, no plastic deformation can be induced. 
The hydrostatic stress state only introduces an 
elastic volume change. 

5.4 Deviatoric Stress 

The stress state that causes plastic deforma- 
tion is called the deviatoric stress state, so, 
which is defined as the normal stress state re- 
duced by the hydrostatic stress state (Fig. 5.3). 
The tensor equation for the deviatoric stress 
state is so = oo ~ omtjo, which can be expanded 
into its components for the tensor matrix (8: 

S =  

+ UYY 

i 

where: 

The principal deviatoric stresses (sl, s,, and 
s3) can be calculated in a manner similar to 
that principal stress, as root of the cubic equa- 
tion: 

sxz  syi sn -h  

0% 5.9) 

s, -h  sny 
(S-hI).n=O* sny s,-h I 
h3 - J lh2  - J,h - J ,  = 0 

where 

J ,  = S, + sYy + S, = 0 

J ,  = - ( s , , s ~ ~  + S ~ S ,  + s ~ s , )  + f2y + f:z + s i  

='((ox - o y y  +(o, -oJZ +(oz - o J i )  

= - ( ( 0 1 - 0 2 ) 2 + ( 0 2 - 0 3 ) 2 + ( 0 3  1 

6 
+ 0:; + o;z + 02, 

6 
J ,  = det S,, . 

The coefficients J , & ,  and J3 are the deviatoric 
stress invariants. Among the invariants, the 
second invariant, &, is widely used in theory 
of plasticity to describe yielding of the mate- 
rial. 

+ + urn 

TSXX 

Fig. 5.3 Stress state that can be decomposed to volumetric stress and deviatoric stress 
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5.5 Isotropic Yield Criteria 
(Flow Criteria) 

Yield criteria define the condition for the 
limit of elastic behavior or the onset of plastic 
deformation in a material under multiaxial 
states of stress. A criterion used for determining 
the condition of continuing plastic flow is also 
called t h e j o w  criterion. In the uniaxial com- 
pression or tensile test, the metal starts to flow 
plastically when the stress in the material 
reaches the material’s yield stress: 

F -  
A 

where F is the instantaneous force, A is the in- 
stantaneous area of the test specimen, and 0 is 
the yield stress of the material. In multiaxial 
states of stress, the determination of plastic flow 
is not trivial and depends on a combination of 
all the stresses in the stress tensor. 

The most popular yield criteria for isotropic 
material and anisotropic material used in nu- 
merical modeling of sheet metal forming pro- 
cesses are described in this chapter: 

Isotropic yield criteria (Sections 5.6-5.8) 
Tresca or shear stress yield criterion 
Von Mises or distortion energy criterion 

Anisotropic yield criteria (Section 5.9): 
Hill’s 1947 yield criterion 
Hill’s 1990 yield criterion 

Barlat 1996 yield criterion 

r J - = r J  

Barlat and Lian yield criterion 

5.6 Tresca Yield Criterion 

The Tresca yield criterion indicates that the 
plastic flow begins or the material starts to yield 
when the maximum shear stress reaches the 
critical value K o r  when I z,,,I = K, where K i s  
the shear flow stress of the material, which is a 
function of strain, strain rate, temperature, mi- 
crostructure, and so on. 

The Tresca yield criterion can be easily de- 
scribed by the aid of Mohr’s circle. Fig. 5.4 
shows the Mohr’s circle representation for in- 
plane stresses whose coordinate axes are shear 
stress, z (ordinate), and normal stress, o (ab- 
scissa). The principal stress, ol, 03, defines the 
maximum and minimum principal Stress along 
the direction where the shear stress vanishes 
and defines limits of Mohr’s circle. The sub- 

+ OXX 

D; 

Fig. 5.4 Schematic of Mohr’s circle for in-plane stresses 

scripts are arbitrary, only indicating that o1 2 
oz 2 03. As shown in Fig. 5.4, the maximum 
shear stress is given by the radius of Mohr’s 
circle. Hence, the maximum shear stress can be 
expressed in terms of principal stress as z,,, = 

(ol ~ 03)/2. The Tresca yield criterion in terms 
of principal stress can be written as: 

(Eq 5.10) 

Fig. 5.5 shows Mohr’s circle in the tensile 
test (no necking) and compression test (no bulg- 
ing), respectively. In both cases, the deforma- 
tion is uniaxial; that is, oz = 0, o3 = 0. The plas- 
tic deformation begins as: 

where F i s  the tensile or compressive force, A is 
the instantaneous cross-sectional area of the 
sample, and 0 is the flow stress (or instanta- 
neous yield stress) in the uniaxial stress state. 

If the principal stresses are arranged as o1 2 
oz 2 03, then the Tresca criterion in terms of 
principal stress can be written as: 

0=o1-o3 (Eq 5.12) 

Fig. 5.5 also shows that the position of Mohr’s 
circle does not affect the yielding, indicating 
that the hydrostatic pressure does not affect the 
yielding. 
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(a) Tensile test (b) Compression test 

Fig. 5.5 Schematic of Mohr’s circle in uniaxial tensile and compression tests (Ref 5.1) 

In the general case, the Tresca yield criterion 
can be expressed in terms of principal stresses: 

where 0 is the flow stress (or instantaneous 
yield stress) in uniaxial stress state. 

In three-dimensional stress space, the Tresca 
criterion results in a hexagonal surface, as 
shown in Fig. 5.6(a). In sheet metal forming, 
most analysis is done assuming the plane stress 
condition along the thickness direction (03 = 0). 
The yield surface reduces to a hexagon (Fig. 
5.6b). 

{a) 

5.7 Von Mises Yield Criterion 

In contrast to the Tresca flow condition, the 
von Mises flow condition considers all the prin- 
cipal shear stresses. Accordingly, plastic flow 
starts if: 

where c‘ is a material constant. Again, tuning th~s 
equation by the simple tension test supplies: 

or, in terms of principal stresses: 

t 

Fig. 5.6 Schematic of Tresca yield criterion in (a) three- 
dimensional and (b) two-dimensional stress space 

0 = - o J 2  +(o, - o 3 ) 2  + (03 - 0 1 ) 2 ]  

(Eq 5.16) 

The von Mises criterion can also be expressed 
in terms of deviatoric stress invariant using Eq 
5.9: 
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3J,  = 0’ (Eq 5.17) and von Mises yield criteria exhibit the same 
value for yielding. 

hibit different yield stresses. In pure shear, 
the stress state is o, = -oz, o3 = 0. 

The von Mises yield criterion reduces to: 

In three-dimensional stress space, the von Mises In pure shear (point Dl the ex- 
criterion results in a cylindrical surface, as 
shown in Fig. 5.7(a). For the plane stress condi- 
tion commonly used in sheet metal forming 

1 analysis, the von Mises yield locus takes the 

5.7(b) (Ref 5.2). 
form of an elliptical curve, as shown in Fig. 0=~-{(01+01)’+(-01)’+(-01)’) 2 =&, 

- 
0 

T,, = 0, = - & 5.8 Comparison of Tresca and von 
Mises Criteria The Tresca yield criterion gives: 

The Tresca and von Mises yield criteria can 
be compared by superimposing the plane stress 
versions of the yield criteria, as shown in Fig. 
5.8. The shaded areas show the difference be- 
tween the two yield criteria (Ref 5.1), and points 
A,  B, C,  D, and E are used to describe the simi- 
larities and differences of the two yield sur- 
faces: 

In uniaxial tension or compression loading 
(points A and B, respectively), both von 
Mises and Tresca yield criteria exhibit the 
same values for yielding. That is, when oz = 

0, o3 0, the von Mises yield criterion gives 
o, = o, and the same is true for the Tresca 
yield criterion using Eq 5.11. 
At point C,  corresponding to balanced biax- 
ial state (0, = oz = o, o3 = 0), both Tresca 

T-‘ 
,cr, = cr* = cr3 

Yield surface 

- 
0 

O =  20, and T,,,~ =o, =- 
2 

In the plane strain (point E), the two yield 
criteria exhibit different yield stresses. With 
the Tresca yield criterion, the stress required 
for plastic deformation is 0,. With the von 
Mises yield criterion, the stress required for 
plastic deformation is 1.150, 

5.9 Anisotropic Yield Criteria 

Sheet metals exhibit anisotropic characteris- 
tics due to the rolling process used to manufac- 
ture sheet metal coil. The rolling process aligns 
the grains along the rolling direction and packs 
the grains along the thickness direction. This 

Fig. 5.7 Schematic of von Mises yield criterion in (a) three-dimensional and (b) two-dimensional stress space 
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- Von Mses critenon 

Fig. 5.8 Comparison of von Mises and Tresca yield criteria (Ref 5.1) 

causes the sheet material to behave differently 
along the three orthotropic directions: the roll- 
ing, transverse, and thickness directions. To 
model the orthotropic behavior of sheet metals, 
several orthotropic yield criteria have been pro- 
posed. Among those, the ones commonly used 
in numerical methods for analysis of sheet metal 
forming process are described in this section. 

Hill’s 1948 Yield Criterion 

In 1948 Hill proposed a yield criterion based 
on the von Mises yield criterion for orthotropic 
material: 

2 f ( o y )  = H ( o x  -oY)’ +G(oz  -ox)’ i 

F ( o y  -oZ)’ +2N7; +2M7:. +2L7h =1 (Eq 5.18) 

where ox, oy, oz are the normal stress in x,y,x- 
orthotropic axis, znv, zxz, zyz are the shear stress, 
and F, G, H, L,  N are the anisotropy con- 
stants in the yield criterion. 

In the case of sheet material, the x,y,x-ortho- 
tropic axes are rolling, transverse, and thickness 
directions. The constants F, G, H c a n  be deter- 
mined from the uniaxial test along the ortho- 
tropic axes. 

Let X, Z b e  the yield stress along the ortho- 
tropic axis; then Hill’s yield criterion can be re- 
duced to: 

H + G = -, 1 H + F = 1, 1 F + G = 1 (Eq 5.19) 
X 2  Y Z 

From these equations, constants F, G, H c a n  be 
expressed as a function of yield stress in three 
orthotropic axes. 

Similarly, let R, S, T be the shear yield 
stresses in orthotropic directions; then Hill’s 
yield criterion can be reduced to: 

The coefficients L, M, N can be estimated di- 
rectly from shear yield stresses. In three-dimen- 
sional space, the yield criterion is represented 
by a surface. Inside the yield surface, the mate- 
rial is in an elastic state, and outside of the yield 
surface it is in a plastic state. 

In analysis of sheet materials, the state of the 
stress is assumed to be plane stress along the 
thickness direction (oz = z, = zyz = 0). There- 
fore, Hill’s yield criterion reduces to: 
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After introducing the yield stress from uni- 
axial test along the three directions and shear 
yield stress the Eq 5.21 can be reduced to: 

1 0 2 -  -+-+, l l , j Y  oxo 
2 f ( o g ) = F  x [ x 2  Y 2  z 

1 1 
+ , o 2 + - 7 2  =1 

Y ’ T Z v  
(Eq 5.22) 

The constants can also be more easily ob- 
tained from the plastic strain ratio (ro, rgo and 
r4J obtained from the tensile test along rolling 
and transverse directions and 45” to the rolling 
direction. 

The relationship between the plastic strain ra- 
tio in the tensile test and constants in Hill’s 
plane stress yield criterion can be obtained us- 
ing the flow rule and the yield function: 

From Eq 5.21 and 5.23 we get: 

2 f ( 0 9 ) = H ( o Y - o x ) 2 + - o : + - o :  H H  

rO r90 

Consider a tensile test (before necking) or 
compression test (before bulging), where the 
deformation is uniaxial along the rolling direc- 
tion (i.e. oz = 0, o3 = 0), so the plastic deforma- 
tion begins when: 

F -  
O1 =A=oo (Eq 5.25) 

where F i s  the tensile or compressive force, A is 
the instantaneous cross-sectional area of the 
sample, and Eo is the flow stress (or instanta- 
neous yield stress) in uniaxial stress state along 
the rolling direction. 

Hill’s yield function at the start of plastic de- 
formation in uniaxial loading along rolling di- 
rection can be obtained from Eq 5.24 as: 

2 f (09) = H (1 + (Eq 5.26) 

Combining Eq 5.24 and 5.26, we get Hill’s 
yield criterion in terms of constants that can be 
measured from experiments: 

5; = 

r0r9,(oY -ox)’ +r,,o: +roo: +(2r4, +l>( ro  +r9,>7; 

(Eq 5.27) 

Therefore, either Eq 5.24 or 5.27 can be used 
to describe the behavior of sheet material in the 
finite element (FE) simulations by Hill’s 1948 
yield criterion. 

In the case of principal directions of stress 
tensors coinciding with the orthotropic axes 
(ox = ol, oy = oz, znv = 0), Eq 5.26 can be ex- 
pressed in terms of principal stress: 

r90 ( rO + ’) 

Hill’s 1948 yield criterion is very similar to 
von Mises yield criterion. In three-dimensional 
stress space, it is represented by an ellipsoid; in 
two-dimensional space it is an ellipse. The in- 
fluence of anisotropy values ro and rgo on the 
shape of the yield surface is schematically 
shown in Fig. 5.9. 

In case of material exhibiting normal aniso- 
tropy (roo= rgo o= r45 o= r), Eq 5.27 can be further 
reduced to: 

0: + 0; -20102 r=  5; (Eq 5.29) l + r  

In the case of isotropic material (ro o= rgo o= 
r45 o= 1). Eq 5.29 reduces to the von Mises yield 
criterion in plane stress condition: 

(Eq 5.30) 

Hill’s yield criterion requires, at a minimum, 
the plastic strain ratio (ro, rgo, r4J test parame- 
ters from the tensile test along three directions 
to describe this criterion in plane stress condi- 
tions. Thus, it is commonly used to describe the 
behavior of sheet metals. The criterion has few 
drawbacks, which are described as anomalous 
behaviors of the materials (Ref 5.3). 

First Anomalous Behavior. Consider a bal- 
anced biaxial test o1 = oz = o,,; then Eq 5.27 of 
Hill’s yield criterion reduces to: 
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(a} Influence rJf r,, (b) Influence 5: I . , ~  

Fig. 5.9 Effect of anisotropy constants on the shape of Hill’s 1948 yield criterion in the plane stress condition 

This indicates that the yield stress in the bal- 
anced biaxial test (bulge test) is proportional to 
r. If r > 1, then ob > ?To; if r < 1, then ob <?To. 
However, aluminum alloys have r < 1, but the 
yield stress in the balanced biaxial (bulge test) 
is greater than the yield stress from the tensile 
test. Hence, Hill’s yield criterion cannot be used 
for such alloys that exhibit this behavior (Ref 
5.2). 

Second Anomalous Behavior. Consider a 
tensile test (before necking) or compression test 
(before bulging) where the deformation is uni- 
axial along the transverse direction; that is, ox = 
0, znv = 0. The plastic deformation begins when: 

(Eq 5.32) 

where F i s  the tensile or compressive force, A is 
the instantaneous cross-sectional area of the 
sample, and is the flow stress (or instanta- 
neous yield stress) in the uniaxial stress state in 
the transverse direction. Then Eq 5.27 of Hill’s 
yield criterion reduces to: 

(Eq 5.33) 

This indicates that if ro/rgo > 1, then ~ o / ~ 9 0  < 1, 
and vice versa. However, some materials do not 
exhibit this behavior. Hence, Hill’s yield criterion 
cannot be used for such alloys (Ref 5.2, 5.3). 

Hill’s 1990 Yield Criterion 

Hill’s 1990 yield criterion overcomes the lim- 
itations of Hill 1948 and Hill 1979. In a general- 
ized orthotropic coordinate system for plane 
stress condition, it is given by: 

(Eq 5.34) =(2oJ 

Here x, y a r e  the orthotropic directions, ob is the 
yield stress in balanced biaxial state (ox = oJ , z 
is the yield stress in pure shear (ox = -oJ, and a, 
b, and m are constants. 

The constants a and b can be estimated from 
the yield stress due to uniaxial loading along the 
rolling and transverse directions and 45” to the 
rolling direction. Let oo, ago, and 045 be the 
yield stresses along the rolling, transverse, and 
45” to rolling directions, respectively, in the 
uniaxial tensile test. Then, constants a and b are 
obtained as: 

(Eq 5.35) 

(Eq 5.37) 
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Using the flow rule, the plastic strain ratio r45 
in tensile test can be related to m as: 

Combining Eq 5.40 in Eq 5.41: 

(Eq 5.38) 

(Eq 5.39) 

The constants can also be obtained from the 
plastic strain ratio in the tensile tests that is used 
to characterize anisotropy in sheet metals: 

(yo - ' 90 )p  - y4, q] 
a =  

'0 "90 -(m-2)'0'90 ' 

b= m[2'o'90 -'45('0 +'90)]  

'0 + ' 9 0  - ( - 2, '0'90 
(Eq 5.40) 

where r, and rgo are the plastic strain ratios in 
the rolling and transverse direction obtained 
from the tensile test. 

Using Mohr's circle, the yield stress can be 
expressed in terms of principal stress: 

-2a(o: -o:)+b(ox - 0 y ) 2 c 0 s 2 a ]  

cos2a = (20,)" (Eq 5.41) 

where o1 and o, are the principal stresses and a 
is the angle between the principal axis corre- 
sponding to the rolling direction. 

Hill's 1990 yield criterion requires estimation 
of five constants: ob, z, a, b, and m. ob must be 
estimated from the balanced biaxial test; the 
other four parameters can be estimated from the 
tensile test results, o,, ago, 045, and r45 or r,, rgo, 
r45, and 045, as explained above (Ref 5.2, 5.4). 

Barlat and Lian Yield Criterion (Ref 5.5) 
Logan and Hosford proposed a generalized 

yield criterion in terms of the principal devia- 
toric stress condition considering plastic yield- 
ing to be independent of mean stress, om: 

f = ~ S , - S , ~ " + ~ S , - S , ~ " + ~ S , - S , ~ "  =25" 
(Eq 5.42) 

where S,, S,, and S, are the principal deviatoric 
stresses, 0 is the yield stress in the uniaxial ten- 
sile test, and m is the material constant. This is 
a generalized form of the yield criterion: when 
m = 2, Eq 5.42 reduces to the von Mises yield 
criterion. Also, when m = 1 or co, Eq 5.42 re- 
duces to the Tresca yield criterion, as shown in 
Fig. 5.10. Hosford and Hill found that the pro- 
posed yield criterion represents the yield sur- 
face of bcc and fcc sheet material calculated by 
the Bishop Hill model when m = 6 and 8, re- 
spectively (Ref 5.2). 

The yield criterion in the generalized refer- 
ence frame x, y, z (orthotropic axis) for plane 
stress condition is: 

ox + O y  K ,  =- 
2 

K ,  = /% (Eq 5.43) 

where ox, ov, and onv are the normal stress and 
shear stress in plane. 

Barlat and Lian extended the Hosford formu- 
lation to orthotropic materials for plane stress 
condition by introducing anisotropy constants 
a, c, h, and p as 

f =alK,  +K,I" +alK,  -K,I" +c12K,Im = 2 5 " ,  

-0.5 

in = 2 

Fig. 5.1 0 Influence of parameter m on the shape of the 
Logan and Hosford yield surface (Ref 5.2) 
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ox + ho, 
K ,  =- 

2 $  

(Eq 5.44) 

The material constants a, c, h, p ,  can be ob- 
tained from the yield stress in the tensile test 
along the rolling direction (oo), from yield stress 
along the rolling transverse direction (ago), and 
from yield stress in the shear test (ox = -oy = zS1, 
onv = 0, and ox = oy = 0, o = zs2): nv 

(Eq 5.45) 

Also, the parameters a, c, and h can be ob- 
tained from the plastic strain ratio ro, q5, and rgo. 
The relationship between plastic strain ratio and 
the constant is obtained using the associated 
flow rule: 

Influence of the plastic strain ratio on the 
shape of the yield surface is shown in Fig. 5.11 
(Ref 5.5). The Barlat and Lian yield criterion 
could overcome the anomalous behavior exhib- 
ited by Hill's 1948 yield criterion. However, it 
is limited to plane stress condition, and it could 
not exactly capture the variation of plastic strain 
and yield stress along different in-plane direc- 
tions in aluminum alloys obtained from the ten- 
sile test (Ref 5.5-5.7). Barlat and colleagues 
(Ref 5.8) proposed yield criteria to better de- 
scribe the behavior of aluminum alloys that are 
commonly used in numerical analysis of sheet 
metal forming using aluminum alloys, described 
in the following section. 

Barlat 1996 Yield Criterion 
A more generalized anisotropy yield criterion 

that applies to aluminum alloys was proposed 
by Barlat and colleagues (Ref 5.8). The material 
constants necessary to describe this criterion are 
obtained from: (a) the yield stress and plastic 
strain ratio measured in a tensile test, along roll- 
ing and transverse directions, and (b) the yield 
stress measured in a balanced biaxial test. 

It has been shown that the Barlat 1996 yield 
criterion captures the variation of the yield 
stress and plastic strain ration across different 
angles to the rolling direction in an aluminum 
alloy, as shown in Fig. 5.12. 

5.10 Flow Rules 

150 

100 

50 

0% 0 

-50 

-1 00 

-1 50 

(Eq 5.46) 

-150 -100 -50 0 50 100 150 

o x  

(a) Influence of ro 

When the stress at any point in the metal 
reaches the level specified by the yield criterion, 

150 

100 

50 

0% 0 

-50 

-1 00 

-1 50 I I I I I 

-150 -100 -50 0 50 100 150 

o x  

(b) Influence of rgo 

Fig. 5.1 1 Influence of the plastic strain ratio ro and rg0 on the shape of the Barlat and Lian yield surface 
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further loading will result in plastic deforma- 
tion. Hooke's law describes the stress-strain re- 
lationships in the elastic range. Analysis of plas- 
tic deformation requires a similar relationship. 
The flow rule describes such a relationship be- 
tween the principal stress and the plastic strain 
increments. Based on the experimental observa- 
tions, the hypothesis postulates that the ratio of 
plastic strain increment is the same as the ratio 
of the principal deviatoric stress. This is com- 
monly known as the Levy-Mises flow rule. In 
other words, the axis of principal deviatoric 
stress coincides with the principal strain incre- 
ments. It can be expressed as: 

or 

(Eq 5.47) 

where d?L is the constant. 
In the case of the von Mises yield criterion, 

where the yield function is given by second in- 
variant of deviatoric stress J z  (Eq 5.17), the de- 
viatoric stress can be expressed as: 

Therefore, Eq 5.47 reduces to: 

1 

0.8 

0.6 
a, - 
3 c 

0.4 

0.2 

0 

(Eq 5.48) 

f 
Von Mises \ Barlat YLD89 

I 
Barlat YLD96 t 

6022-T4 

0 20 40 60 80 

Angle from the rolling direction (degree) 

(a) 

(Eq 5.49) 

In the case of the plane stress condition, the 
flow rule can be demonstrated schematically for 
different stress conditions (Fig. 5.13). The slope 
of strain increments is normal to the yield sur- 
face at the yield stress. This normality rule is 
commonly used in estimating the material pa- 
rameters of the yield functions based on the 
plastic strain ratios in different directions ob- 
tained from uniaxial tensile tests (Ref 5.9, 5.10). 

In the case of the von Mises yield function 
under proportional loading, the constant d?L can 
be determined as: 

(Eq 5.50) 

The expression of plastic strain increment can 
also be given as 

3 dZ 
2 0  

d r y  =--S, (Eq 5.51) 

5.1 1 Power and Energy of Deformation 

The plastic deformation process is irrevers- 
ible. The mechanical energy consumed during 
deformation is largely released as heat. When 
we consider a homogeneous block (original 

1.1 

1.05 
F + 

9 
._ x 
0 1  
N .- - 
2 
b 
2 

0.95 

0.9 

Hi11'48 6022-T4 
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Angle from the rolling direction (degree) 

(b) 

I 

Fig. 5.1 2 (a) Plastic strain ratio and (b) yield stress along the different directions calculated from von Mises, Hil l 1948, Barlat 
YLD89, and Barlat 1996 yield criterion (BarlatYLD96) and from experiments (Exp.) for aluminum alloy 6022.74 (Ref 5.8) 
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01 ,  d t i  

dE2= 0 (plane stress) 

4 
Uniaxial 

dE2 = -d~112 

(pure shear) 2-r 

Fig. 5.1 3 Strain increments based on the Levy-Mises flow rule at different stress states for the in-plane von Mises yield criterion 
(Ref 5.9) 

height, h,; original width, W,; original length, 
I,) deformed at velocities V,, V,, and I/; (Fig. 
5.14), the principal strains are given by: 

h . V, 
h, h 
w . v, 

1 . v, 

I ,  =In--;&, =-, 

1, =In--;&, =-, 
wo W 

&,=In-- .& 
I ,’  l -  1 

(Eq 5.52) 

Following Fig. 5.14, the instantaneous power of 
deformation (force times velocity) is given by: 

P = olwlvh + o,hlv, + 03whv, 
= o,wlhi , + o,wlhi , + o3 wlhi 

=(o,&,+o,b,+03b3)V (Eq 5.53) 

where Vis the volume of the deforming block. 
The energy of deformation, E, is given by: 

f 

E=l/J(o,&,+o;ty +03i3)dt (Eq 5.54) 

With Sdt = &, Eq 5.54 also can be written as: 

Fig. 5.1 4 Homogeneous deformation of a block (Ref 5.1) 

5.1 2 Effective Strain and Effective 
Strain Rate 

The flows stress 0 is determined from tests 
such as tensile or compression under uniaxial 
deformation condition. However, in sheet metal 
forming the stress are multiaxial. The yield cri- 
terion discussed previously relates the multiax- 
ial stress states to the uniaxial conditions to pre- 
dict the onset of plastic deformation. The stress 
calculated using the yield criterion under multi- 
axial stress conditions is equivalent to stress 
under the uniaxial condition and is commonly 
referred as equivalent or effective stress. The 
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corresponding effective strain and effective 
strain rate can be estimated by equating the 
power and energy of deformation in multiaxial 
stress state to uniaxial stress state (Ref 5.1). 

The deformation energy in multiaxial state 
over time At is: 

dW = V ( o l d r l  +o,d&, +o ,d&, )  (Eq 5.56) 

or, divided by dt, the deformation power, P, is: 

Is l&,  +o,&, +Is,&,) 
p=-=v(  dW 

dt 
(Eq 5.57) 

Let E be the effective strain, and let E' be the 
effective strain rate; then the deformation en- 
ergy and power in the uniaxial condition are 
given by: 

dW = 0 d U ,  or P = 0 e V  (Eq 5.58) 

Equating multiaxial power Eq 5.57 and uniaxial 
power Eq 5.58: 

0 r = o l b 1 + o , & ,  +o,&, (Eq 5.59) 

For volume constancy it can be shown that: 

& l + & , + & , = O  (Eq 5.60) 

or, 
o m ( & l + & 2 + & 3 ) = 0  

Combining Eq 5.59 and 5.60, we obtain: 

- . (ol -om)&l +(ol -om)&, +(ol -om)&, 
I =  - o 

(Eq 5.61) 

For the von Mises yield criterion, using flow 
rule Eq 5.51, the strain increment is given by: 

3 e  3 e  
& l  =--sl =--(ol-om) 

2 0  2 0  
(Eq 5.62) 

Substituting Eq 5.62 into Eq 5.61, the effective 
strain rate in terms of strain rates in principal 
direction for the von Mises yield criterion can 
be obtained as: 

e=J?(&: +&; +&:> 
3 

(Eq 5.63) 

Effective strain is obtained by integrating 
strain over time as: 

f 

(Eq 5.64) - 
I = j gd t  

f. 

5.13 Hardening Laws 

The yield surface defines the criterion that 
specifies the start of the plastic deformation. As 
explained in Chapter 4 of this volume, after the 
start of plastic deformation and further loading 
in the tensile or balanced biaxial tests, the ma- 
terial deforms plastically and shows increase in 
strength with further increased plastic strain 
until failure. This phenomenon is commonly 
referred to as strain-hardening behavior of 
the materials. In the case of multiaxial load- 
ing as in sheet metal forming, which also 
involves loading and unloading, the strain- 
hardening behavior can be expressed using 
the yield criterion described in previous sec- 
tions and the hardening laws that are explained 
below. 

Isotropic Hardening Law. With the isotro- 
pic hardening law, the metal continues to yield 
plastically with further loading when the equiv- 
alent stress calculated using the yield criterion 
exceeds the flow stress at the current plastic 
strain. It can be expressed as: 

(Eq 5.65) 

where fy is the expression for yielding proposed 
by different yield criteria discussed in preceding 
sections, and ??Asp) is the expression of flow 
stress as a function of plastic strain obtained 
from tensile or biaxial tests. In describing the 
strain-hardening behavior, the isotropic harden- 
ing rule results in the initial yield surface pro- 
posed by various yield criteria to expand uni- 
formly without any change to the location or 
shape, as shown in Fig. 5.15 for von Mises yield 
criterion (Ref 5.10). 

Although the isotropic hardening rule is very 
simple to represent, it does not model the Baus- 
chinger effect commonly observed in the metals 
during reverse loading. During reverse loading, 
isotropic yielding predicts higher stress for 
yielding compared to experimental observations 
(Fig. 5.16). Capturing this behavior is essential 
in sheet metal forming, especially for spring- 
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A 

c2 
Yield surface at 
ultimate stress 

Yield surface at 

Fig. 5.1 5 Isotropic hardening for the von Mises yield criterion 

- -  

Loading 

Behavior in 
experiment 

- 
E 

Yielding during reverse 
loading predicted by 
isotropic hardening 

Fig. 5.1 6 The Bauschinger effect in metals and the yielding 
predicted during reverse loading by isotropic 

hardening 

back prediction as the sheet material undergoes 
reverse loading during bending and unbending 
when it flows over a radius and eventually 
springs back after forming. 

Kinematic Hardening Law. The kinematic 
hardening law states that the initial yield surface 
translates in the stress space with further load- 
ing without changing its size to model the 

- 
“1 I E 

strain-hardening behavior in the multiaxial 
stress state. This can be expressed as: 

f = f &  -“p (Eq 5.66) 

where fy is the expression for yielding proposed 
by different yield criteria discussed for Eq 5.65, 
k is the constant equal to initial yield stress, and 
aij represents the translation in the stress space, 
commonly referred as back stress. 

Prager ’s kinematic hardening rule states that 
the direction of the yield surface translation is 
proportional to the plastic strain increments: 

d a y  = Cdrc (Eq 5.67) 

where C is a material constant. Prager’s kine- 
matic hardening rule results in the initial yield 
surface moving along the direction of the plastic 
strain increment, as shown in Fig. 5.17. 

Ziegler’s kinematic hardening rule states that 
the direction of the yield surface translation is 
proportional to the line joining the center of the 
yield surface to the current stress point on the 
yield surface. It can be expressed as: 

d a y  =(oy - a y ) d P  (Eq 5.68) 

where dp is a positive scalar that can be ob- 
tained from the condition that the stress point 
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remains on the yield surface after translation. 
The translation of the yield surface based on 
Ziegler 's kinematic condition is shown in Fig. 
5.18. 

Both Ziegler 's and Prager 's kinematic hard- 
ening laws result in yielding at very low stress 
during reverse loading compared with that ob- 
served in experiments, as shown in Fig. 5.19. 
Therefore, kinematic hardening is not sufficient 
enough to model the materials behavior during 
reverse loading (Ref 5.10). 

Mixed Hardening Law. The mixed harden- 
ing law combines the isotropic and Prager's ki- 
nematic hardening laws to better address the 
Bauschinger effect. With the mixed hardening 
law, the yield surface expands in shape uni- 
formly and translates in the stress space. It is 
expressed as: 

f = f Y  (0 'I - 0. 'I) - i3 Y ( I  ) (Eq 5.69) 

where fy is the expression for yielding proposed 
by different yield criteria discussed in preceding 
sections, O(EP) is the stress strain relationship 
from uniaxial or biaxial test, and a, represents 
the translation in the stress space. It is com- 
monly referred as back stress. 

The plastic strain is represented in two parts, 
isotropic and kinematic contribution: 

d r P  = d r P ' + d i P k  =Add&' + ( l - M ) d r P  (Eq 5.70) 

where &a is the plastic strain increment for iso- 
tropic hardening part, &pk is the plastic strain 
increment for kinematic hardening part, and M 
is the constant, where M =  1 corresponds to iso- 

Current yield surfac 

Yield surface at 

Fig. 5.1 7 Prager's kinematic hardening for the von Mises yield criterion 

Fig. 5.1 8 Ziegler's kinematic hardening for the von Mises yield criterion 
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tropic hardening and M =  0 corresponds to kine- 
matic hardening. 

The back-stress increment for kinematic hard- 
ening part is given by Prager's kinematic model 
as: 

d a y  = C ( l - M ) d & ;  (Eq 5.71) 

The rate of expansion of the yield surface is 
given by: 

d o  
dZP' 

d o ,  = -'MdZP (Eq 5.72) 

where dEyld+ is the tangent modulus at the 
equivalent isotropic plastic strain of Epj. 

The constant C can be estimated using con- 
sistency condition that yield stress lie on the 
yield surface as: 

d o ,  d o ,  
M -  c =? d Z P  dZP' 

3 1 - M  

~- 

(Eq 5.73) 

where dEyldEp is the tangent modulus at the 
equivalent isotropic plastic strain of EP. 

Alternatively, the rate of translation of yield 
surface and rate of expansion can also be 
obtained: 

2 d o  
3 d Z P  

d w ,  = - L ( l - M ) d & c  

I Loading 

(Eq 5.74) 

(Eq 5.75) 

2BY = 2k 

Yielding during reverse 
loading predicted by 
kinematic hardening 

- - -+$ 
____._---- 

Behavior in experiment 

Fig. 5.1 9 The Bauschinger effect in metals and the yielding 
predicted during reverse loading by kinematic 

hardening 

where M i s  a constant: M =  1 corresponds to 
isotropic hardening, and M = 0 corresponds to 
kinematic hardening (Ref 5.11). 

Nonlinear Hardening Models. Mixed hard- 
ening models can predict the Bauschinger ef- 
fect. However, they cannot model exactly the 
nonlinear transient behavior at the start of plas- 
tic deformation during reversal loading. Fred- 
rick and Armstrong introduced a nonlinear 
hardening model based on Prager 's kinematic 
hardening model with a nonlinear term to ex- 
press the back stress. Chauboche further refined 
this model, which can be expressed as: 

(Eq 5.76) 

where C and y are constants and dFp is the ef- 
fective plastic strain increment expressed by Eq 
5.63. This kinematic hardening model can be 
used in mixed hardening models to model the 
translation of the yield surfaces (Ref 5.12). 

Yoshida-Uemori Model. Material behavior 
during cyclic loading and unloading is quite 
complex, as shown in Fig. 5.20. During unload- 
ing, the path is not linear, and there is an early 
plastification, followed by a transient Bausch- 
inger effect, where the material starts to yield 
during reverse loading, followed by work- 
hardening stagnation, where the yield stress re- 
mains constant with increased strain, followed 
by strain hardening (Ref 5.14). 

Yoshida and Uemori proposed a nonlinear 
hardening model based on two surface models 

" t  

Work stagnation h a r d e n Y 4  Transient Bauschinger 

> 

*Pure isotropic Permanent softeni.rq - 
_..- hardening 

Fig. 5-20 Hardening behavior during unloading and re- 
verse loading observed in experiments (Ref 5.1 3) 
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to better capture the unloading and reverse load- 
ing behavior. This model involves two surfaces: 
the yield surface and the bounding surface. 
Yield surface f of size Y translates within the 
bounding surface with back stress a, while 
bounding surface Ftranslates with back stress 
and expands uniformly in shape by R, as shown 
in Fig. 5.21. 

In high-strength steels, during unloading the 
unloading modulus is observed to change with 
the plastic strain. This plays a significant role in 
springback predictions. In the Yoshida-Uemori 
model this variation of unloading modulus is 
represented using the exponential function: 

E = E ,  - ( E ,  - E$- exp( - ; . p ) )  (Eq 5.77) 

where E,, E,, and c are material constants to be 
estimated from the material test, and Fp is the 
plastic strain. 

To model sheet materials using the Yoshida- 
Uemori model, the constants B, m, b, R,,,, C, 
h, E,, Ea, and c need to be estimated from tests 
(Ref 5.15). Ghaei and colleagues (Ref 5.13) 
compared the springback predicted using isotro- 
pic hardening, mixed hardening, and the Yo- 
shida-Uemori model for U-channel parts with 
experiments for DP600 material and found that 
the Yoshida-Uemori model predictions were 
close to the experimental measurements. 

F =  $(q- p,) - (B + R )  = O  1 
Bounding surface 

Fig. 5-21 TheYoshida-Uemori model illustratingthe bound- 
ing surface and yield surface (Ref 5.14, 5.15) 
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CHAPTER 6 

Materials for Sheet Forming 
Soumya Subramonian and Nimet Kardes, The Ohio State University 

FORMING APPLICATIONS may range 
from simple bending to stamping and deep 
drawing of complex shapes. To produce good 
quality parts, it is essential to know the forming 
characteristics or formability of the sheet mate- 
rial under the conditions in which it is formed. 
Formability refers to the ability of a sheet metal 
to be deformed into a desired shape while main- 
taining structural integrity without tearing, 
buckling and wrinkling, excessive thinning, and 
so on. Various criteria of formability-as de- 
scribed in Chapter 4, “Plastic Deformation- 
Flow Stress, Anisotropy, and Formability,” in 
this book-also have been developed, depend- 
ing on the nature of the forming operation and 
the applied forces. 

The most common materials for sheet form- 
ing include various types of sheet steels, stain- 
less steels, aluminum and its alloys, and magne- 
sium alloys. This chapter gives an overview of 
the classification, designation, and properties 
relevant to forming of low-carbon steels, stain- 
less steels, and aluminum and magnesium al- 
loys. Advanced high-strength steels (AHSSs) , 
which are an important category of sheet steels 
for weight reduction in the automotive industry, 
are discussed in Chapter 6 ,  “Forming of Ad- 
vanced High Strength Steels,” of the companion 
book, Sheet Metal Forming-Processes and Ap- 
plications (Ref 6.1). 

In addition, t h~s  chapter gives flow stress data 
of various sheet metal alloys under biaxial load- 
ing based on viscous pressure bulge (VPB) 
tests, also referred to as the hydraulic bulge test 
(see Chapter 4). The tests were conducted at En- 
gineering Research Center for Net Shape Manu- 
facturing in order to obtain the flow stress char- 
acteristics of various sheet materials, such as 

steels, stainless steels, and aluminum and mag- 
nesium alloys. These flow curves are better 
suited for analysis of forming operations when 
compared to flow stress obtained from tensile 
tests. For some of the sheet materials, flow 
stress curves obtained by tensile tests also are 
provided. 

6.1 Low-Carbon Sheet Steels 

Steels are the most widely used sheet materi- 
als because of their relative strength, good 
formability, and moderate cost. They also pro- 
vide a wide range of mechanical properties, 
from moderate yield strength levels of 200 to 
300 MPa (29 to 43 ksi) with excellent ductility 
to yield strengths exceeding 1400 MPa (203 
ksi) for some types of high-strength low-alloy 
(HSLA) steels. 

Sheet steels are supplied over a wide range of 
chemical compositions, but the vast majority 
are unalloyed, low-carbon steels selected for 
stamping applications, such as automobile bod- 
ies and appliances. For these major applica- 
tions, typical compositions are 0.03 to 0.10% C,  
0.15 to 0.50% Mn, 0.035% P (max), and 0.04% 
S (max). Low-carbon steels with carbon content 
from 0.05% to 0.2% are used for stamping, but 
high-formability steels contain less than 0.1% 
C. They are generally cold rolled and annealed. 
They are used in automotive body panels and 
appliances. Aluminum-killed steels are also pre- 
ferred for deep-drawing applications. 

In the past, rimmed (or capped) ingot cast 
steel has been used because of its lower price. 
More recently, however, rimmed steels have 
been largely replaced by killed steels produced 
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by the continuous casting process. Continuous 
casting is inherently suited to the production of 
killed steels, but killed steels are also produced 
by ingot metallurgy. Regardless of the method 
of casting or manufacture, killed steels are pre- 
ferred because they have better formability and 
are not subject to aging or strain aging (that is, 
mechanical properties do not change with time). 

Classification of sheet steels can be based on 
various descriptors, such as: 

Chemical compositions (plain carbon, low 
alloy, stainless steel, etc.) 
Required strength level (as specified in ASTM 
standards) 
Finishing method (hot rolling, cold rolling, 
etc.) 
Quality descriptors (commercial quality, 
draw quality, etc.) 

Low-carbon steels are the most commonly used 
sheet metal because of their low cost and good 
formability. However, ordinary low-strength, 
low-carbon sheet steel are being replaced by a 
number of HSLA steels and advanced high 
strength steels (AHSSs). Also, coated steels and 
stainless steels are produced for corrosion pro- 
tection of sheet products. This section describes 
the classification and forming characteristics of 
low-carbon and HSLA sheet steels. Coated steel 
sheet and stainless steels are discussed in sepa- 
rate sections, while AHSS forming is detailed in 
Chapter 6, “Forming of Advanced High Strength 
Steels,” of the companion book, Sheet Metal 
Forming-Processes and Applications (Ref 6.1). 

Forming Grades and Properties 

Low-carbon steels, coated and uncoated, 
are generally supplied as commercial-quality, 
drawing-quality, and drawing-quality special- 

killed grades. AISI designations of some of the 
draw quality steels are given in Table 6.1. The 
compositions of steels commonly used in 
stamping are given in Table 6.2. 

Drawing quality (DQ) materials are suitable 
for deep drawing of parts and formed compo- 
nents that require severe deformation. For very 
severe deformations, drawing quality special 
killed (DQSK) is specified. Generally, DQ or 
DQSK material is not ordered to a specific 
chemical composition and does not need any 
other mechanical requirements. 

Typical mechanical properties of low-carbon 
sheet steels are given in Table 6.3. Materials 
with high plastic-strain ratio, r, have better 
deep-drawing characteristics. Materials with 

Table 6.1 
some of the steels used in stamping 

Specifications and designations of 

AISI-SAE grade 
Qualityltemper designation 

Hot rolled and cold rolled sheets 

Drawing quality 1006-1008 
Drawing quality, special killed 1006-1008 

Source: Ref 6.2 

Commercial quality 1008-1012 

Table 6.2 
low-carbon sheet steels 

Composition ranges and limits for 

Composition, % 

ASTM snecification Descrintionla) C Mn P S 

A 619 CR DQ 0.10 0.50 0.025 0.035 
A 620 CRDQSK 0.10 0.50 0.025 0.035 
A 569 HR CQ 0.15 0.60 0.035 0.040 
A 621 HR DQ 0.10 0.50 0.025 0.035 
A 622 HR DQSK 0.10 0.50 0.025 0.035 

(a) CQ. commercial quality: CR, cold rolled: DQ, drawing quality: DQSK, 
drawing quality special killed: HR, hot rolled. Source: Ref 6.2 

Table 6.3 Typical mechanical properties of low-carbon sheet steels 

Quality level 

Tensile 
strength 

MPa ksi 

Yield 
strength 

MPa ksi 

Elongation 
in 50 mm 
(2 in.), YO 

Strain- 
Plastic- hardening 

a a i n  ratio (r) exponent (n) 
Hardness 

(HRB) 

Hot rolled 

Commercial quality 
Drawing quality 
Drawing quality, aluminum killed 

Cold rolled, box annealed 

Commercial quality 
Drawing quality 
Drawing quality, aluminum killed 
Interstitial free 

Source: Ref 6.3 

358 52 
345 50 
358 52 

331 48 
317 46 
303 44 
310 45 

234 34 
220 32 
234 34 

234 34 
207 30 
193 28 
179 26 

35 
39 
38 

36 
40 
42 
45 

1 .o 0.18 
1 .o 0.19 
1 .o 0.19 

1.2 0.20 
1.2 0.21 
1.5 0.22 
2.0 0.23 

58 
52 
54 

50 
42 
42 
44 
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high values of n, mean good formability in 
stretching operations because they promote uni- 
form strain distribution but have little effect on 
drawability. Table 6.4 compares forming fea- 
tures of some cold rolled sheet steels. 

Figures 6.1 and 6.2 show the flow stress curves 
of aluminum-killed draw quality steel and deep- 
draw quality steel, respectively. The flow stress 
curves are obtained using uniaxial tensile test 
and the biaxial VPB (viscous pressure bulge) test. 
The flow stress data given by the biaxial VPB 
tests is obtained under conditions similar to those 
present in forming operations like stamping. It 
can also be noted that VPB tests give a larger 
range of strain values because of the biaxial na- 
ture of strain. The flow stress curves of other car- 
bon steels are given in appendix A of this book. 

Some steel mills also offer specialized grades, 
such as interstitial-free deep-drawing steels and 
enameling steels. Grade designations of com- 
mon formable grades include: 

Commercial-quality (CQ) steel 
Drawing steel (DS) 
Extra-deep-drawing steel (EDDS) 
Extra-deep-drawing steel plus (EDDS+) 
Structural steel (SS) 
High-strength low-alloy (HSLA) steel 
Dent-resistant (DR) steel 
Bake-hardenable (BH) steel 
Inclusion-shape-controlled steel 

Modified Low-Carbon Steel Sheet. In addi- 
tion to the low-carbon steel sheet and strip prod- 
ucts, there are numerous low-carbon steels with 
slightly modified chemical compositions to sat- 
isfy specific customer requirements. For exam 
ple, in structural-quality (SQ) steels, alloying 
additions of manganese and phosphorus are 
used to increase strength by substitutional solid- 
solution strengthening: approximately 3 MPa 
(0.4 ksi) per 0.1% Mn, and 7 MPa (1 ksi) per 
0.0 1% P. Hot rolled SQ steels contain 0.90 to 

Table 6.4 Cold rolled steel sheet forming features and typical mechanical properties determined 
using tensile test 

Yield 
strength 

Type or quality 

Commercial 
Drawing (rimmed) 
Drawing (special killed) 
Interstitial free 
Medium strength 
High strength 

Source: Ref 6.2 

Special feature MPa ksi 

Standard properties 234 34 
Stretchable 207 30 
Deep drawing 178 25 
Extra deep drawing 152 2 2  
Formable 414 60 
Moderately formable 689 100 

Tensile 
strength 

MPa ksi 

317 46 
310 45 
296 43 
317 46 
483 70 
724 105 

Elongation 
in 50 mm Hardness 
(2 in.), % (HRB) 

35 45 
42 40 
42 40 
42 45 
25 85 
10 25(HRC) 

Strain- 
hardening Plastic- 

exponent (n) a a i n  ratio (r) 

0.18 1 .o 
0.22 1.2 
0.22 1.6 
0.24 2 .o 
0.20 1.2 

Fig. 6.1 
AL5754-0: tensile, 0 to 0.1 8; bulge, 0 to 0.4. 

Flow stress curves obtained from the bulge test and the tensile test for (a) aluminum killed draw quality (AKDQ steel (0.83 
mm) and AL5754-0 (1.3 mm). Experimental strain range for AKDQ steel: tensile, 0 to 0.24; bulge, 0 to 0.64; for 
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0 4  
Slrain 

Fig. 6.2 Flow stress curves obtained from the bulge test and the tensile test for DP600 high-strength steel (0.6 mm thickness) and 
deep drawing steel (DDS; 0.77 mm thickness). Experimental strain range for DP600: tensile, 0 to 0.14; bulge, 0 to 0.27; 

for DDS: tensile, 0 to 0.23; bulge, 0 to 0.3 

1.35% max Mn and 0.035% max P. Cold rolled 
SQ steels contain 0.60 to 0.90% max Mn and 
0.035 to 0.20% P. Carbon contents for SQ steels 
are generally 0.20 to 0.25%. 

Interstitid-Free Steels. In interstitial-free (IF) 
steels, which are also referred to as extra-deep- 
drawing quality, the elimination of interstitials 
(carbon and nitrogen) is accomplished by adding 
sufficient amounts of carbidehitride-forming 
elements (generally titanium and/or niobium) to 
tie up carbon and nitrogen completely, the lev- 
els of which can be reduced to less than 50 ppm 
by modern steelmaking/casting practices, in- 
cluding vacuum degassing. 

Steels with very low interstitial content exhibit 
excellent formability with low yield strength 
(138 to 165 MPa, or 20 to 24 ksi), high elonga- 
tion (41 to 45%), and good deep drawability. 
With the addition of carbonitride-forming ele- 
ments, the deep drawability and the nonaging 
properties are further improved. 

Bake-hardening (BH) steels are characterized 
by their ability to exhibit an increase in yield 
strength because of carbon strain aging during 
paint-baking operations at moderate tempera- 
ture (125 to 180 "C, or 260 to 355 OF). Bake 
hardening has little effect on tensile strength. 
Bake-hardening steels are finding increased use 
in automotive outer-body applications (hoods, 
doors, fenders) to achieve an improvement in 
dent resistance and, in some cases, a sheet thick- 
ness reduction as well. 

The bake-hardening behavior is dependent on 
steel chemistry and processing, in addition to the 

amount of forming strain and paint-baking con- 
ditions (temperature and time). Steels that ex- 
hibit bake-hardening behavior include plain low- 
carbon steels (continuously annealed or batch 
annealed), IF steels (continuously annealed), and 
dual-phase steels (continuously annealed). 

Automotive specifications for BH steels 
can be categorized according to those that spec- 
ify a minimum yield strength level or a mini- 
mum bake-hardening increment, in the formed 
(strained) plus baked condition. The conven- 
tional test for determining bake hardenability 
characteristics involves a 2% tensile prestrain, 
followed by baking at 175 f 5 "C (345f10 OF). 
The resulting increase in yield strength mea- 
sures the bake hardenability of the material. 

While all the specifications call for a mini- 
mum yield strength level in the as-received (that 
is, prior to forming) condition, some also re- 
quire a minimum yield strength after baking the 
as-received material in the absence of any ten- 
sile prestrain. The as-received yield strength is 
in the range of 210 to 310 MPa (30 to 45 ksi) 
(compared with approximately 175 MPa, or 25 
ksi, for DQSK), while the final yield strength, 
that is, after 2% prestrain plus bake, ranges be- 
tween 280 and 365 MPa (40 to 53 ksi) (com- 
pared with approximately 225 MPa, or 33 ksi, 
for DQSK). 

The HSLA steels are generally formed at 
room temperature using conventional equip- 
ment. Cold forming should not be done at tem- 
peratures below 10 "C (50 OF). As a class, high- 
strength steels are inherently less formable than 
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low-carbon steels because of their greater strength 
and lower ductility. This reduces their ability to 
distribute strain. The greater strength makes it 
necessary to use greater forming pressure and to 
allow for more springback compared to low- 
carbon steels. However, high-strength steels 
have good formability, and straight bends can 
be made to relatively tight bend radii, especially 
with the grades having lower strengths and 
greater ductility. Further, high-strength steels- 
can be stamped to relatively severe shapes, such 
as automotive bumper facings, wheel spiders, 
and engine-mounting brackets. 

High-strength low-alloy steels can be hot 
formed. However, hot forming usually alters me- 
chanical properties, and a particular problem that 
arises in many applications is that some of the 
more recent thermomechanical processing tech- 
niques (such as controlled rolling), used for 
plates in particular, are not suitable where hot 
forming is used during fabrication. This problem 
can be circumvented by the use of a rolling fin- 
ishing temperature that coincides with the hot 
forming temperature (900 to 930 "C, or 1650 to 
1700 OF). Subsequent hot forming therefore sim- 
ply repeats this operation, and deterioration in 
properties is then small or even absent, provided 
that grain growth does not occur. Producers 
should be consulted for recommendations of 
specific hot forming temperatures and for com- 
ments on their effects on mechanical properties. 

General Forming Characteristics 

commonly used formable grades are: 
General forming characteristics of the more 

Commercial- Qualify (CQ) Steel: Available 
in hot rolled, cold rolled, and coated grades; 
the least expensive grade of sheet steel; sub- 
ject to aging (mechanical properties may de- 
teriorate with time); not intended for difficult- 
to-form shapes 
Drawing Steel (0s): Available in hot rolled, 
cold rolled, and coated grades; exhibits bet- 
ter ductility than CQ-grade steels but has 
low plastic-strain ratio (3 values; subject to 
aging (mechanical properties may deterio- 
rate with time); has excellent base metal sur- 
face quality 
Dra wing-Qualify Special-Killed (DQSK) Steel: 
Available in hot rolled, cold rolled, and 
coated grades, with good forming capabili- 
ties; not subject to aging (mechanical prop- 
erties do not change with time) 

Interstitial-Free Steels: Available in cold 
rolled and coated grades, with excellent 
forming capabilities for deep drawing (as 
EDDS or EDDS+ grades) 
Enameling Steels: Available in cold-rolled 
grades. Various types of processing are used 
to make a product that is satisfactory for 
porcelain enameling. All grades have good 
forming capabilities. 
Structural Steels: When higher strength is 
required, structural-quality sheet, also called 
physical-quality sheet, can be specified, al- 
though at some sacrifice in ductility. 
Higher-Strength Steel Sheets: Available in 
hot rolled, cold rolled, and coated grades. 
Various types of processing are used to ob- 
tain the desired strength levels. In general, 
the formability of these grades decreases as 
yield strength increases. Springback may be 
a problem at lower sheet thicknesses. 
Inclusion~Shape~Contro~ed Steels: Cold form- 
ability has been substantially improved by 
inclusion-shape-controlled steels, which en- 
ables steel to be formed to nearly the same 
extent in both the longitudinal and trans- 
verse directions. Any grade produced with 
inclusion shape control can be more severely 
formed than a grade of the same strength 
level produced without inclusion shape con- 
trol. Inclusion-shape-controlled steels are 
responsible for the moderately good form- 
ability of the higher-strength HSLA steels, 
such as the grades having 550 MPa (80 ksi) 
yield strengths. 

Effect of Composition on Formability. An 
increase in carbon content increases the strength 
of steel and reduces formability. Phosphorus 
and sulfur increase the likelihood of cracking or 
splitting and are not desirable for forming, 
drawing, or bending operations. Silicon in- 
creases the strength of steel and hence reduces 
formability. Copper is added to improve corro- 
sion resistance but has no significant effect on 
strength. Titanium helps in developing high 
normal anisotropy values. Boron is added to im- 
prove hardenability and is most effective in 
low-carbon steels. 

Effect of Steelmaking Methods on Form- 
ability. Cold rolled steels generally have a bet- 
ter surface finish than hot rolled steels and are 
preferred for forming operations. Draw quality 
rimmed steels, which are available as both hot 
rolled and cold rolled have excellent formabil- 
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ity, and they are more suitable for stretch-type 
forming operations than for deep drawing. 
Aluminum-killed steels are generally recom- 
mended for deep drawing. Interstitial-free steels 
especially coated ones, deep draw better than 
other grades of steels with less breakage. 

Effect of Microstructure on Formability. 
Coarse-grained steels are better formable than 
fine-grained steels, which are stronger. Grain 
shape also affects formability. Aluminum-killed 
steels have good formability and have equiaxed 
grains. Micro constituents affect the formability 
by influencing the strength of steel. Alloying el- 
ements that dissolve in ferrite increase the 
strength of steel, and nonmetallic inclusions in- 
duce cracking at the edge of the part while 
forming and hence affect formability. 

6.2 Coated Sheet Steels 

Nearly every type of sheet steel commonly 
used in the automotive, appliance, or building 
industries is available coated, from high- 
strength steels used for automotive structural 
members, steel roofing, and architectural f ram 
ing to vacuum-degassed interstitial-free steels 
used in applications demanding the highest 
available formability. 

Common steel coatings include zinc, alumi- 
num, tin, lead, nickel, and various alloys of 
these metals, as well as a range of organic coat- 
ings. Coatings such as porcelain enamels and 
electroplated copper or chromium are also com- 
monly found on sheet steel parts, but these are 
typically applied after forming and are not dis- 
cussed here. Most coatings commonly used on 
sheet steel substrates have corrosion resistance 
as their primary function, although appearance 
is often important as well, especially for the 
organic coatings. Application methods vary 
widely and include dipping in a molten bath 
(zinc, aluminum, tin, and terne-a lead-tin al- 
loy), electroplating (zinc and tin), and spraying 
or roll coating (paints or organics). 

Coated flat rolled steels are formed using the 
same general equipment, tooling, and lubrica- 
tion used to form uncoated steels. While the 
properties of the base steel remain the primary 
determinants of the formability of a coated 
product, coatings do have an effect on the form- 
ing process and must be taken into account 
when designing parts, dies, and forming strate- 
gies. Coatings have frictional effects that may 
affect formability of the material. In some cases, 

the coating process may affect the substrate. For 
example, galvannealing affects the material 
properties and formability of the base metal and 
leads to lower formability compared to un- 
coated low-carbon steels. 

Zinc Coatings. Steel sheets are protected 
from rust by using a process called galvanizing 
by applying a zinc coating. During galvanizing, 
the zinc metallurgically bonds to the steel and 
creates a zinc-iron alloy layer topped by a layer 
of impact-resistant pure zinc. The resulting 
coated steel can be used in much the same way 
as uncoated steel. A large amount of galvanized 
steel is used by the automotive industry for ex- 
posed and unexposed panels. 

Galvannealed steels are those that are given a 
secondary heat treatment after the hot dip galva- 
nization. The galvannealed steels have advan- 
tages with respect to welding and paint adhe- 
sion. The coating is harder than pure zinc and is 
more prone to peeling during forming. It is not 
easily scratched while handling. 

Aluminum Coatings. Aluminum-coated steel 
sheets are used in applications where heat resis- 
tance, heat reflectivity, or corrosion resistance is 
required. Aluminum-coated steel sheets com- 
bine the desirable properties of both steel and 
aluminum. Only moderate forming of alumi- 
nized steel sheets is recommended. The protec- 
tive value of aluminum coating depends on 
coating thickness. They are used in automotive 
mufflers and related components, household ap- 
pliances, industrial heating equipment, and so 
forth. 

Aluminum-Zinc Alloy Coatings. Alumi- 
num-zinc alloy coatings have improved corro- 
sion resistance of galvanized parts. One type 
consists of about 55% A1 and 45% Zn; the other 
type, zinc plus 5% Al. These coatings give im- 
proved coating ductility compared to hot dip 
galvanized coatings. Sheets coated with alumi- 
num-zinc alloy are also good for deep drawing. 

Phosphate Coatings. Phosphate coating 
consists of treatment of the sheet metal with a 
dilute solution of phosphoric acid and other 
chemicals. This makes the top layer of the sheet 
less reactive than the metal surface and also 
more absorbent of lubricants and paints. Two 
types of phosphate coatings in general use are 
zinc phosphate and iron phosphate. Phosphate 
coating beneath a paint film helps prevent mois- 
ture and other corrosives that may penetrate the 
paint from reaching the metal. 

Terne Coatings. Terne coatings are applied 
to carbon steel sheets to increase corrosion re- 
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sistance and formability and have excellent sol- 
derability and paintability. They are widely used 
in automobile gasoline tanks and are very good 
for applications demanding high formability. 
Terne is mostly lead with a small percentage of 
tin. 

Prepainted Sheets. Prepainted sheets are 
those that have been painted before being man- 
ufactured into parts or finished products. The 
painting operation in any plant takes up costly 
space and requires energy, labor, raw materials, 
and time. This can be avoided by using pre- 
painted sheets. The paints for coil coating are 
modified for flexibility, hardness, and adhesion. 
They adhere for flexing and can endure most 
forming operations from simple bending to 
drawing. However, a few changes are needed to 
form precoated sheets. Prepainted sheets are 
more prone to scratches, and extreme care 
should be taken to avoid deterioration of the 
painted surface. Prepainted steel can be break- 
press formed, roll formed, stamped, and drawn 
by using padded tables and handling devices 
with appropriate tooling. 

6.3 Stainless Steels 

Stainless steels contain at least 10.5% chro- 
mium, which prevents rust because of the for- 
mation of an invisible layer of a chromium-rich 
oxide layer. In addition to good corrosion resis- 
tance, some stainless steels also have the ability 
to withstand high heat. In general, stainless 
steels have the following characteristics com- 
pared to carbon steels: 

Greater strength 
Greater susceptibility to work hardening 

Table 6.5 Properties of stainless steels 

Higher yield strength and work hardening, 
which results in greater springback com- 
pared to carbon steels 
Higher propensity to gall to tooling 
Lower heat conductivity, which reduces dis- 
sipation of heat from deformation and fric- 
tion 

However, the different types of stainless steels 
have more variability in properties and form- 
ability than do low-carbon sheet steels. 

The different types of stainless steels in- 
clude five basic categories based on microstruc- 
ture: austenitic, ferritic, duplex, precipitation- 
hardening, and martensitic. The austenitic alloys, 
which have a very ductile face-centered cubic 
(fcc) crystal structure, are the most formable, 
but are the most expensive (because alloying 
with nickel is needed to stabilize the fcc phase). 
Ferritic stainless steels, which are the least al- 
loyed and least expensive type, are less form- 
able due their body-centered cubic (bcc) crystal 
structure. Formability of duplex stainless steels, 
which have a mixed microstructure of fcc (aus- 
tenitic) and bcc (ferritic) phases, is between that 
of austenitic and ferritic stainless steels. 

If precipitation-hardened and martensitic 
stainless sheet steels require forming, the form- 
ing is done in soft condition prior to hardening. 
The most common type of martensitic stainless 
steel is 420. Precipitation hardened stainless 
steels are designated as dead soft, quarter-hard, 
half-hard, three-quarters hard, and full hard. 

Mechanical tensile properties of commonly 
used stainless steels are given in Table 6.5 Most 
stainless steels exhibit large strain hardening 
(large n-value), as shown in Fig. 6.3. Some 
stainless steels are used at elevated tempera- 
tures because they can provide superior corro- 

Tvoe 
Tensile strength, 0.2% yield 

Condition MPa streneth, MPa Eloneation, % Hardness (HRB) 

Austenitic stainless steel 

304 
304L 
316 
316L 

Ferritic steels 

409 
430 
439 

Martensitic steels 

Annealed 515 
Annealed 480 
Annealed 515 
Annealed 485 

Annealed 380 
Annealed 450 
Annealed 450 

205 40 92 max 
170 40 88 max 
205 40 95 max 
170 40 95 max 

205 
205 
205 

20 
20 
2 2  

80 max 
88 max 
88 max 

~ 420 Annealed 690 15 96 max 

Source: Ref 6.2 
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Fig. 6.3 Flow stress at room temperature for type 304 stainless steel (1 mm) obtained by viscous pressure bulge test and tensile 
test. Experimental strain range: tensile test, 0 to 0.44; bulge test, 0.03 to 0.56. 

sion resistance andor sufficient strengths com- 
pared to carbon steels/low alloy steels. The 
H-version types of stainless steels are used in 
high-temperature applications where tempera- 
ture levels exceed 370 "C. Austenitic stainless 
steels offer the highest strengths at higher tem- 
peratures. However, the advantage of using 
ferritic stainless steels is that they offer good 
oxidation resistance at higher temperatures. 
Martensitic and precipitate hardening steels are 
not suitable for high-temperature applications. 
Stainless steels are also used in elevated tem- 
perature application that require good creep and 
rupture resistance. 

Table 6.6 summarizes relative suitability rat- 
ings of some common stainless steels for differ- 
ent forming operations. These ratings are based 
on comparison of the steels within any one class 
(austenitic, ferritic, etc.). For example, a ferritic 
steel with an A rating is not more formable than 
an austenitic steel with a C rating for a particu- 
lar method. 

Austenitic Steels 

Austenitic stainless steels are designated as 
200 and 300 series. Austenitic stainless steels 
are the most common type of stainless steel and 
have greatest formability among all grades of 
stainless steels. Types 304, 304L, 316, and 316L 
are the most widely used of the austenitic group. 

Austenitic steels are hardened by cold working 
with a wide range of strength levels obtained by 
cold working. Yield strength can vary from 
about 200 MPa in the soft (annealed) condition 
to more than 2000 MPa (290 ksi) in the cold- 
worked condition. The degree of work harden- 
ing depends on nickel content (Ref 6.2). 

Formability of Austenitic Types. Type 301 
steel has an extremely high rate of work harden- 
ing that results in appreciable increase in tensile 
strength and yield strength with increasing 
amount of cold working. The n-value for this 
alloy can be typically 0.45 or higher. For deep 
drawing, a lower n-value is preferred, which 
can be obtained by having additional nickel 
content-types 304, 304L, and 305, which have 
n-values 0.38 to 0.42, are generally used for 
this. The more alloying elements that are added 
to a 300-series alloy, the lower its work hard- 
ening and drawability. Conversion of the mi- 
crostructure from austenite to martensite also 
increases work hardening during forming. Tem- 
perature, strain, and strain rate play important 
roles in controlling the change in micro- 
structure. 

Warm forming improves formability of aus- 
tenitic stainless steels. When austenitic stainless 
steels are formed at room temperatures, the aus- 
tenitic phase, being unstable, is transformed into 
martensite as a function of strain, strain rate, and 
temperature. Martensite enhances strain harden- 
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Table 6.6 Relative suitability of stainless steels for various methods of forming 

Suitability for: 
0.2% yield 
strength, Press- 
6.89 MPa brake Deep Roll 

Steel (1 ksi) Blanking Piercing forming drawing Spinning forming Coining Embossing 

Austenitic steels 

201 
202 
30 1 
302 
302B 
303, 303(Se) 
304 
304L 
305 
308 
309, 309s 
310, 310s 
314 
316 
316L 
317 
321, 347,348 

Martensitic steels 

403, 410 
414 
416, 416(Se) 
420 
431 
440A 
440B 
440C 
Ferritic steels 
405 
409 
430 
430F, 
43OF(Se) 
442 
446 

55 
55 
40 
37 
40 
35 
35 
30 
37 
35 
40 
40 
50 
35 
30 
40 
35 

40 
95 
40 
50 
95 
60 
62 
65 

40 
38 
45 
55 

. . .  
50 

B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

A 
A 
B 
B 
C-D 
B-C 
. . .  
. . .  

A 
A 
A 
B 

A 
A 

C 
B 
C 
B 
B 
B 
B 
B 
B 

B 
B 
B 
B 
B 
B 
B 

. . .  

A-B 
B 
A-B 
B-C 
C-D 
. . .  
. . .  
. . .  

A-B 
A-B 
A-B 
A-B 

A-B 
B 

A-B 
A 
A-B 
A 
B-C 
D 
A 
A 
B 
D 
B 
B 
B-C 
B 
B 
B 
B 

A 
B 
D 
C-D 
C-D 
C-D 
. . .  
. . .  

A 
A 
A-B 
D 

B 
B-C 

C-D 
B-C 
C-D 
B-C 
C 
D 
B 
B 
A 
D 
C 
B 
C 
B 
B 
B-C 
B-C 

A 
C 
D 
D 
D 
D 
D 
D 

A 
A 
A 
D 

B-C 
C 

B 
A 
B 
A 

D 
A 
A 
A 

B 
A 
B 
A 
A 
B 
B 

. . .  

. . .  

A 
C 
D 
C-D 
C-D 
C-D 
. . .  
. . .  

A 
A 
A 
D 

A 
B 

B-C 
B 
B-C 
B 
C 
C-D 
B 
B 
A-B 
D 
B 
B 
B 
B 
B 
B 
B 

A 
B 
D 
C-D 
C-D 
D 
D 
D 

A 
A 
A 
C-D 

B 
B 

B-C 
B 
B-C 
B 
B-C 
C 
B 
B 
A-B 
D 
B 
B 
B-C 
B 
B 
B 
B 

A 
C 
C 
C 
C-D 
C 
D 
D 

A 
A 
A 
C 

B 
B 

Suitability ratings are based on comparison of the steels within any one class: therefore, it should not be inferred that a ferritic steel with an A rating is more formable 
than an austenitic steel with a C rating for a particular method. A, excellent: B. good: C. fair: D, not generally recommended. (a) Severe sharp bends should be avoided. 

ing, thus delaying the onset of necking in sheet 
metal. While delayed necking is desirable for 
high formability and drawability, the martensitic 
phase raises forming loads, reduces formability, 
and decreases corrosion resistance. For further 
deformation after the first forming operation, an- 
nealing is required. However, each intermediate 
annealing operation slows down production and 
increases costs. To eliminate or reduce the inter- 
mediate annealing operations and avoid mar- 
tensitic transformation, warm forming of stain- 
less steel is an option. 

In warm forming, the die and blank holder 
are heated (by either built-in heaters or heating 

coils) to a higher temperature. For stainless 
steels, they are heated to 100 to 200 "C. The 
punch is cooled by circulating water under 10 
"C. The schematic of warm forming tooling for 
deep drawing SS304 cups is shown in Fig. 6.4. 

Experiments conducted in warm forming 
SS304 cups have shown that drawing at higher 
temperatures gives a significantly higher limit- 
ing draw ratio, which signifies better drawabil- 
ity at elevated temperatures. Figure 6.5 shows 
how temperature affects drawability of austen- 
itic steel SS304. Lower velocities and higher 
temperatures enable a significant increase in 
drawability. 
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Water inlei 

Cushion pins 

Fig. 6.4 Schematic of experimental setup for warm forming 
cylindrical cups of SS304 steel. Source: Ref 6.4 

Ferritic Stainless Steels 

Ferritic steels are designated the 400 series. 
They cannot be hardened by heat treatment and 
only moderately by cold working. This grade of 
steel is more popular in the automotive industry. 
It provides resistance to both corrosion and 
heat, and some 400 series steels are suitable for 
drawing. The common types are 409, 439, and 
430. 

Formability of Ferritic Types. The n-value, 
or work-hardening rate, of ferritic steels is 0.18 
to 0.22, which is almost the same as that for low 
carbon steels. The r-value, or plastic strain ratio, 
for 409 or 430 stainless steels is about 1.1 to 
1.8. A problem frequently seen in cold working 
of thicker (greater than 2.5 mm) ferritic steels is 
that at cooler temperatures and higher strain 
rates they fail in a brittle manner. This is be- 
cause the material cannot absorb energy and de- 
form in a ductile way below some temperatures 
and above some strain rates. Moderate warming 
(20 to 60 "C) or reduced rate of forming could 
be used to avoid brittle failure. When ferritic 
alloys are being formed in multiple stages, the 
alloy is warmed by deformation, although it is 
cold worked. The partially formed part cools 
before the subsequent steps and leads to brittle 
failure when the cycle commences again. This 
is because the ductile-to-brittle transition tem- 
perature, which was lower before the first stage 
of forming, is now increased to a higher tem- 
perature, which might be the room temperature 
or higher. 

The strain hardening characteristics of com- 
mon stainless steels are shown in Fig. 6.6. Type 
409, a ferritic stainless steel, is mostly used in 
automotive exhaust systems. Austenitic types 
304 and 304L are also used in exhaust systems, 
fuel tanks, chassis for buses and trucks, struc- 

Die and blank temperature, "C 

Fig. 6.5 Effect of temperature on drawability of type 304 
austenitic stainless steel. Source: Ref 6.5 

tural parts, and turbochargers. Types 304 and 
304L are also widely used railway applications, 
such as carriage chassis, and in structural ap- 
plications and exhaust systems. Ferritic type 
430 and austenitic types 316 and 316L are used 
as beading for windows, doors, and handles for 
railways. 22Cr duplex stainless steel is used in 
building roofing because of its high corrosion 
resistance. Type 304 is used in a wide variety of 
applications such as the food industry because 
of its resistance to corrosion. It is also used 
in home appliances, such as sinks, stoves, and 
refrigerators, and in utensils and cooking appli- 
ances. 

6.4 Aluminum Alloys 

Aluminum alloys with a wide range of prop- 
erties are used in engineering structures. Alloy 
systems are classified by the ANSI number sys- 
tem or by names indicating their main alloying 
constituents. Aluminum is used extensively in 
modern aircraft and to a significant extent in the 
automobile industry because of its high strength- 
to-weight ratio. The aluminum alloys com- 
monly used in aircraft and other aerospace 
structures are 7075, 6061, 6063, 2024, and 
5052. 6111, A6022, andAA6016 are commonly 
used in automotive body panels. The mechani- 
cal properties and chemical composition of 
some of the commonly used aluminum alloys in 
automotive applications are listed in Tables 6.7 
and 6.8 for structural and body sheet applica- 
tions, respectively. 

Designations and Tempers. Wrought and 
cast aluminum alloys use different identification 
systems. Wrought aluminum is identified with a 
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Fig. 6.6 Work-hardening qualities of type 301 austenitic stainless steel, types 409 and 430 ferritic stainless steels, and 1008 low- 
carbon steel. Source: Ref 6.2 

Table 6.7 Chemical composition and mechanical properties of some aluminum alloys used in 
automotive structural parts 

Chemical composition, wt% Mechanical propertiega) 

Alloy Si Fe c u  Mn Mg Cr Zn Ti 

5000 series 

AA5052 0.25 0.25 0.1 0.1 2.2-2.8 0.15-0.35 0.1 ~ 

AA5182 0.25 0.35 0.15 0.2-0.5 4.0-5.0 0.1 0.25 0.1 
AA5454 0.25 0.4 0.1 0.5-1.0 2.4-3.0 0.05-0.2 0.25 0.2 
AA5154 0.5 0.5 0.1 0.5 3.1-3.9 0.25 0.2 0.2 
AA5754 0.4 0.4 0.1 0.5 2.6-3.6 0.3 0.2 ~ 

6000 series 

AA6061 0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.04-0.35 0.25 0.15 

(a) EL, elongation: TS. tensile strength: YS,  yield strength. Souce: Ref 6.6 

TS,MPa YS,MPa E L , %  

190 90 26 
275 125 28 
110 110 24 
105 105 27 

315 275 12 

four-digit number that identifies the alloying el- 
ements, followed by a dash, a letter identifying 
the type of heat treatment, and a one- to four- 
dgit number identifying the specific temper. 
For example, for 6061-T6, the most common 

general engineering alloy, the T denotes strength 
gained from thermal heat treatment; for 5083-O/ 
H111, the next common general engineering al- 
loy, 0 denotes strength gained from work hard- 
ening (Ref 6.2). 
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Table 6.8 Chemical composition and mechanical properties of some aluminum alloys used in 
automotive body sheets 

Chemical composition, wt% Mechanical properties 

TS, YS, EL, 
Alloy Si Fe c u  Mn ME Cr Zn Ti MPa MPa % n-Value r-Value 

5000 series 

AA5022 0.25 0.4 0.2-0.5 0.2 3.5-4.9 0.1 0.3 0.1 275 135 30 0.3 0.67 
AA5023 0.25 0.4 0.2-0.5 0.2 5.0-6.2 0.1 0.3 0.1 285 135 33 ~ ~ 

AA5182 0.25 0.35 0.15 0.2-0.5 4.0-5.0 0.1 0.3 0.1 265 125 28 0.33 0.8 
AA5052 0.25 0.25 0.1 0.1 2.2-2.8 0.15-0.35 0.1 ~ 190 90 26 0.26 0.66 

6000 series 

AA6022 0.8-1.5 0.05-0.2 0.01-0.11 0.02-0.1 0.45-0.7 0.1 0.3 0.2 275 155 31 0.25 0.6 
AA6016 1.0-1.5 0.5 0.2 0.2 0.25-0.6 0.1 0.2 0.2 235 130 28 0.23 0.7 
AA6111 0.7-1.1 0.4 0.5-0.9 0.15-0.45 0.5-1.0 0.1 0.2 0.1 290 160 28 0.26 0.6 

(a) EL, elongation: TS. tensile strength: YS,  yield strength. Source: Ref 6.6 

Naming Scheme for Wrought Alloys 

lxux; controlled unalloyed (pure) composi- 
tions 
2xux; alloys in which copper is the principal 
alloying element, although other elements, 
notably magnesium, may be specified 
3xux; alloys in which manganese is the prin- 
cipal alloying element 
4xux; alloys in which silicon is the principal 
alloying element 
5xux; alloys in which magnesium is the prin- 
cipal alloying element 
6xux; alloys in which magnesium and silicon 
are principal alloying elements 
7xux; alloys in which zinc is the principal 
alloying element, but other elements such as 
copper, magnesium, chromium, and zirco- 
nium may be specified 
8xux; alloys including tin and some lithium 
compositions characterizing miscellaneous 
compositions 
9xux; reserved for future use 

Basic Temper Designations 
F: as fabricated 
0: annealed 
H: strain hardened (wrought products only) 
W: heat treated 
T: solution heat treated 

Some of Commonly Used T Tempers 

T3: solution heat treated and then cold 
worked 
T4: solution heat treated and naturally aged 
T5: cooled from an elevated temperature 
shaping process and then artificially aged 
T6: solution heat treated and then artificially 
aged 

Aluminum Designations for 
Strain-Hardened Products 

H2: strain hardened and partially annealed 
H3: strain hardened and stabilized 

H1: strain hardened only 

Heat Treatment of Aluminum Alloys. Some 
aluminum alloys are heat treated in order to in- 
crease the strength and hardness by precipitation 
hardening. The term heat treatable serves to dis- 
tinguish the heat-treatable alloys from those al- 
loys in which no significant strength improve- 
ment can be achieved by heating and cooling. 
2xm, 6 m a n d  7xuxare heat treatable aluminum 
alloys. Heat treatment to increase strength of 
aluminum alloys is a three-step process: 

Solution heat treatment: dissolution of sol- 
uble phases 
Quenching: development of super satura- 
tion 
Age hardening: precipitation of solute at- 
oms either at room temperature (natural ag- 
ing) or elevated temperature (artificial ag- 
ing or precipitation heat treatment) 

Solution Heat Treatment. This involves a heat 
treatment process in which the alloying constit- 
uents are taken into solution and retained by 
rapid quenching. Subsequent heat treatment at 
lower temperatures (age hardening) at room 
temperature allows for a controlled precipita- 
tion of the constituents, thereby achieving in- 
creased hardness and strength. In solution heat 
treatment, a solid solution of the alloying con- 
stituents is obtained. The alloy is soaked for a 
temperature high enough and time period long 
enough to obtain a fairly homogeneous solid 
solution . 
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Quenching. The objective of quenching is to 
preserve the solid solution formed at the solu- 
tion heat-treating temperature, by rapidly cool- 
ing to some lower temperature, usually near 
room temperature. In order to avoid the types of 
precipitation that are detrimental to mechanical 
properties or to corrosion resistance, the solid 
solution formed during solution heat treatment 
must be quenched rapidly enough (and without 
interruption) to produce supersaturated solution 
at room temperature-the optimum condition 
for precipitation hardening. Quenching is most- 
ly done by immersing in or spraying cold water 
over the sheet. 

Age Hardening. Aging is allowing precipita- 
tion of the solid solution of the alloying ele- 
ments. When this is done at room temperatures, 
it is called natural aging. 2xxu alloys are gener- 
ally naturally aged. The time period involved is 

350 

m a 
I 

generally 5 to 30 days. Artificial aging involves 
precipitation at temperatures from 115 to 190 
"C. The time period involved is 5 to 48 h. The 
objective is to select the cycle that gives the re- 
quired precipitate size and distribution that in 
turn affects the mechanical properties. 

Flow Stress. The flow stress data of alumi- 
num alloy AA5754-0 is given in Fig. 6.7. The 
flow stress data of other aluminum alloys are 
given in Appendx A. These are flow stress data 
at room temperature unless specified otherwise. 

The formability of aluminum alloys improves 
with increase in temperature from room tem- 
perature upward (Fig. 6.8). At elevated temper- 
atures, yield strength changes little, but tensile 
strength decreases considerably. 

Warm Forming of Aluminum Alloys. Alu- 
minum alloy sheets have lower elongations, n- 
values, r-value, and moduli of elasticity com- 

True strain 

Fig. 6.7 Comparison of the flow stress of aluminum alloy AA5754-0 (1.3 mm) obtained by the tensile test and the bulge test. 
Experimental strain range: tensile data, 0 to 0.1 57; bulge test membrane theory, 0.01 to 0.0.35. 
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Fig. 6.8 Effect of forming temperature on mechanical properties of 5000 series aluminum alloys. EL, elongation; TS, tensile 
strength; YS, yield strength. Source: Ref 6.8 
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pared to steel. Hence, aluminum alloys have 
low formability at room temperature, which re- 
stricts the shapes that can be formed. This can 
be overcome by warm forming. 

In warm forming, the dies and blank holders 
are heated to a temperature of 200 to 300 "C 
through electrical heating rods. Solid lubricants 
are more effective in warm forming. Significant 
improvements in formability at elevated tem- 
peratures can be noted in such alloys as 5xm 
and 6xm. Aluminum that contains 6% magne- 
sium could give a 300% total elongation at 
about 250 "C, which finds more application in 
industry. Experimental analyses of rectangular 
conical cups from an aluminum alloy (5754-0) 
drawn at room temperature (20 "C), 100 "C, 
175 "C, and 250 "C were conducted and maxi- 
mum cup heights, obtained without fracture, 
were compared (Ref 6.7). These cup heights 
were 35 mm, 38 mm, 38 mm, and 60 mm for 
temperatures of 20 "C, 100 "C, 175 "C, and 250 
"C, respectively. The forming velocity and the 
drawing ratio increase as the forming tempera- 
ture increases to around 275 "C. Higher tem- 
peratures around 300 "C are best suited for 
drawing deep cups. Fig. 6.8 shows how the 
elongation and tensile strength vary with form- 
ing temperature. The elongation is close to 60% 
at 300 "C, compared to 35% elongation at room 
temperature. 

Quick-plastic forming was developed by Gen- 
eral Motors to primarily form parts of A15083 
because it has higher uniform elongation at 
higher strain rates (10-3 s-1 to 10-1 s-1) and higher 
temperatures (450 "C). It is similar to sheet hy- 
droforming process. The heated sheet metal is 
formed against the die using a pneumatic pres- 
surizing medium. It is used for auto body pro- 
duction (Ref 6.9). 

Applications of Aluminum Alloys. Alumi- 
num sheets are widely used automotive panels 
and structural parts. They are also used in heat 
insulators and fuel tank protectors, which insu- 
late heat and noise and protect bodies from dirt, 
and in exhaust manifold covers in engine com- 
partments. 1000- and 3000-series aluminum al- 
loys are used for these parts. 2000-, 7000-, and 
8000-series aluminums, which are very strong, 
are used in aircrafts. 7000-series aluminums are 
also used in military vehicles because they have 
good ballistic properties. The food packaging 
industry uses 1000-series alloys in such prod- 
ucts as beverage cans. 1000-, 3000-, 5000-, and 
6000-series aluminums are used in building 
and architecture for roofing, window panes, and 
other applications. 

6.5 Magnesium Alloys 

Magnesium alloys are important candidates 
for lightweight structural materials. They are 
used in selected applications by the automotive 
and aerospace industries and for industrial ma- 
chinery. Magnesium sheet alloys are dfficult to 
form at room temperature. However, they pos- 
sess excellent forming behavior at elevated tem- 
peratures (Ref 6.10). 

Designations and Properties of Some 
Magnesium Alloys. There is a standardized 
system for naming of magnesium alloys. It can 
be divided into four parts. For example, in the 
alloy AZ91E-T6, the first part indicates the al- 
loying elements-in this case aluminum and 
zinc. The second part indicates the percentage 
of alloying elements: 9% A1 and 1% Zn. In the 
thud part, "E' indicates that this is the fifth 
magnesium alloy with 9% A1 and 1% Zn. The 
fourth part, "T6," denotes that it is solution 
treated and artificially aged (Ref 6.6). 

Temperature plays a significant part in deter- 
mining the mechanical properties, especially 
tensile and yield strength of magnesium alloys. 
These properties deteriorate noticeably with in- 
creases in temperature, while elongation in- 
creases significantly with temperature up to 
315°C (Table 6.9). 

There is a remarkable increase in the strains 
achievable at higher temperatures with increase 
in temperature of even 40 "C (Fig. 6.9). There is 
nearly a 300% increase in the strain range ob- 
tained at forming at 145 "C and 221 "C. 

Table 6.9 Properties of some magnesium alloys 

Testing Tensile Yield Elongation 
temperature, strength, strength, in 50 % mm, 

Magnesium allov "C MPa MPa 

AZ31B-H24 

HK31A-HZ42 

HM21 A-T8 

Source: Ref 6.6 

21 
100 
200 
315 

21 
150 
200 
2 60 
315 

21 
200 
2 60 
315 
370 

290 221 15 
207 145 30 
103 59 55 
41 21 125 

260 205 8 
180 165 20 
165 145 21 
140 115 19 
89 48 70 

235 170 8 
125 115 30 
110 105 25 
97 83 12 
76 55 50 
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350 

Fig. 6.9 True stresshue strain curve for the flow stress of AZ31 B - 0  obtained using the hydraulic bulge test at a strain rate of ap- 
proximately 0.25 s-1 and a temperature range of 145 to 221 “C. Experimental strain range at 145 “C, 0 to 0.1 2; 168 “C, 0 

to 0.1 6; 180 “C, 0.02 to 0. Source: Ref 6.1 1 

Factors Influencing Formability of Magne- 
sium Alloys. Flow stresses are influenced by 
the forming temperature (Fig. 6.9). Stresses and 
strains strongly depend on the forming tempera- 
ture. Elevated temperatures contribute to im- 
proved ductility and hence forming capability, 
and this strategy can help reduce the yield point 
of the material and hence the forming forces 
and pressures required. Magnesium alloys show 
good formability at elevated temperatures com- 
pared to room temperatures. The maximum 
stretching heights of magnesium alloys increase 
with increasing temperature. Hot stretch form- 
ing also results in lower springback. 

The influence of strain rate becomes more 
significant with increasing forming tempera- 
ture. Increases strain rate result in considerable 
increases in flow stress. Increases in strain rate 
also decrease the maximum elongation of the 
material regardless of the forming temperature. 

For more details on factors influencing form- 
ability of magnesium alloys, see “Influences of 
Formability, Formability of Magnesium Alloys” 
in Ref 6.3. 
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CHAPTER 7 

Friction and Lubrication 
Hyunok Kim, Edison Welding Institute 
Nimet Kardes, The Ohio State University 

FRICTION AND LUBRICATION in sheet 
metal forming are influenced by such parame- 
ters as material properties, surface finish, tem- 
perature, sliding velocity, contact pressure, and 
lubricant characteristics. The parameters that 
affect friction and lubrication are schematically 
shown in Fig. 7.1. Depending on these parame- 
ters, the performance of a lubricant and the co- 
efficient of friction (COF) vary. 

Material flow in the die cavity is influenced 
by frictional conditions at the die/work piece in- 
terface. Therefore, a good understanding of the 
parameters that affect friction is essential for 

selecting lubricants and producing good-quality 
sheet metal parts. In sheet metal forming, the 
magnitude and distribution of friction affect 
metal flow, part defects, and quality, as well as 
tool wear and production costs. 

7.1 Lubrication Mechanisms and 
Friction Laws 

In metal forming, different lubrication mech- 
anisms may be present: 

Production conditions 

Fig. 7.1 Factors that affect friction and lubrication in sheet metal forming. Ultimate tensile strength (UTS) 
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Dry condition 
Boundary lubrication 
Mixed-film lubrication 
Hydrodynamic lubrication 

As shown in Fig. 7.2, the Stribeck curve illus- 
trates schematically the onset of various types 
of lubrication mechanisms as a function of lu- 
bricant viscosity, q, sliding velocity, v, and nor- 
mal pressure, p (Ref 7.1). 

A dry condition (Fig. 7.2) means no lubrica- 
tion is present at the mating surfaces; thus, fric- 
tion is high. This condition is often used when 
the material formability is large enough to form 
a part with simple geometry without lubricants 
or when the frictional condition does not signifi- 
cantly influence the part quality, for instance, air 
bending, V-die bending, and U-die bending 
without stretching. A dry condition is desirable 
in only a few selected forming operations, such 
as hot rolling of plates or slabs and nonlubri- 
cated extrusion of aluminum alloys. 

Boundary lubrication (Fig. 7.2) is defined as a 
condition where the solid surfaces are so close 
together that surface interaction between single 
or multimolecular films of lubricants and the 
solid asperities dominates the contact (Ref 7.2). 

Hydrodynamic 

Boundary lubrication is the most widely encoun- 
tered lubrication condition in metal forming. 

Mixed-layer lubrication (Fig. 7.2) is also fre- 
quently encountered in sheet metal forming. In 
this case, the micropeaks of the metal surface 
experience boundary lubrication conditions and 
the microvalleys of the metal surface become 
filled with the lubricant. Hydrodynamic lubri- 
cation (Fig. 7.2) is experienced in a few sheet 
metal forming processes, such as high-speed 
sheet rolling operations, where large velocities 
at the material-tool interface create hydrody- 
namic conditions. 

Coulomb, Tresca, and Modified Shear 
Friction Models. Two friction models are com- 
monly used to describe the frictional condition in 
metal forming processes: Coulomb’s friction 
model (Eq 7.1) and the shear friction model (Eq 
7.2). Both models quantify interface friction by 
lumping all of the interface phenomena, which 
are illustrated in Fig. 7.1 into a nondimensional 
coefficient or factor: 

T f  =PP 0% 7.1) 

where p is the coefficient of friction (COF), p is 
the normal pressure, and zf is the frictional shear 

Boundary lubrication 

m 

P Mixed-layer lubrication 

Hydrodynamic or full film lubrication 

Fig. 7.2 Stribeck curve showing onset of various lubrication mechanisms. 11, lubricant viscosity; v, sliding velocity; p ,  normal pres- 
sure; p, coefficient of friction. 
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stress. In many metal forming processes, the in- 
terface pressure, p ,  can reach a multiple of the 
yield strength of the material. Thus, the linear 
relationship between zf and p ,  as described by 
Eq 7.1, may not be valid at high contact pres- 
sure levels because the shear stress, zf, cannot 
exceed the shear strength, k, of the deformed 
work piece material. Therefore, the COF be- 
comes meaningless when pp exceeds zf. Thus, 
to avoid this limitation of Coulomb’s model, the 
shear friction model (Eq 7.2) was proposed by 
Orowan (Ref 7.3): 

- 
0 

T~ = f o = m - - m k  0% 7.2) A -  

where f i s  the friction factor; m is the shear fac- 
tor, 0 5 m 5 1; k is the shear strength; and 0 is 
the flow stress of the deforming material. In this 
model, as shown in Fig. 7.3, the frictional shear 
stress, zf, at low pressure is proportional to the 
normal pressure given by Coulomb’s model. 
However, it equals the shear strength, k, at high 
interface pressure, p. 

In Eq 7.2, m equals to zero for no friction, 
and m equals to unity for a sticking friction con- 
dition, which is the case where sliding at the 
interface is preempted by shearing of the base 
material (Ref 7.1). When two nominally flat 
surfaces are placed in contact, surface rough- 
ness causes discrete contact spots. The total area 
of all these discrete contact spots constitutes the 
real contact area, A,, and in most cases this will 
be only a fraction of the apparent contact area, 
A,. The ratio of the real contact area, A,, to the 
apparent contact area, A,, is known as the real 
contact area ratio, a. To consider the effect of 
real contact area ratio, a, on friction, Wanheim, 
Bay, and colleagues (Ref 7.4, 7.5) proposed a 
general friction model: 

- 
0 

T~ = f ’ a k = m , -  J5 

I / “  = IlP 

P 

Fig. 7.3 Relationship between contact pressure and fric- 
tional shear stress 

wheref’ is the modified friction factor, m, is the 
modified shear factor (as a function of real con- 
tact area), 0 is the flow stress, and a is the real 
contact area ratio, A,/A,. In this model, the fric- 
tion shear stress, zf, is a function of the real con- 
tact area ratio, a. 

Wanheim and Bay’s model did not consider 
the effects of lubricant behavior (Ref 7.6). To 
take lubricant effects into account, a complex 
model for friction was proposed for boundary 
and mixed-film lubrication regimes at the tool/ 
work piece interface by Bowden and Tabor (Ref 
7.7). In k s  model the frictional shear stress, zf, 
is given by: 

where a is the real contact area ratio, z, is the 
average shear stress at contacting asperity peaks, 
and zb is the average shear stress (lower stress) 
at the lubricant pockets. This model explicitly 
formulates the real contact area ratio, a, related 
to z, and the lubricant behavior related to zb that 
is influenced by viscosity, pressure, sliding 
speed, and film kckness. 

If there is no lubricant at the tooVwork piece 
interface, zb will be zero and the frictional shear 
stress, zf, will be a function of real contact area 
ratio, as expressed in Eq 7.3. To take into ac- 
count the lubricant behavior on friction, an arti- 
ficial lubricant film was assumed to exist at the 
tooVwork piece interface, and the variation of 
film kckness was calculated to characterize the 
variation of friction using the Reynolds equa- 
tion in the fluid mechanics theory (Ref 7.6). Al- 
though this approach includes more detailed 
considerations to express the lubricant behavior, 
the model is very dfficult to apply to practical 
metal forming problems. 

7.2 Lubricants for Sheet Metal 
Forming 

In selecting lubricants for sheet metal form- 
ing process, the following factors should be 
considered (Ref 7.8): 

Methods of lubricant application 
Types of additives 
Corrosion control 
Cleanliness and removal methods 
Compatibility with prelubricants and preap- 
plied oils 
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Post-metal forming operations (e.g., welding 
and adhesive joining) 
Environmental safety and recycling 

Types of Lubricants (Ref 7.8) 

Oils: Petroleum-based oils are widely used 
as lubricants for light-duty stamping, blank- 
ing, and coining operations. The use of oil 
can increase the production rate. Paraffinic 
oils and naphthenic oils are examples of 
these lubricants. 
Soluble Oils: Soluble oils contain emulsifi- 
ers that allow the dilution of the oils into 
water. These oils are referred as preformed 
emulsions. These oils are normally mixed 
with water at a dilution ratio of 10 to 50%. 
Semisynthetics: These lubricants are more 
easily mixed with water than soluble oils, 
because they contain a smaller amount of 
mineral oil, usually less than 30% of the to- 
tal concentrate volume. 
Synthetics: Synthetic fluids are categorized 
by two types: water based and hydrocarbon 
based. The color of this lubricant normally 
is hazy or milky. 
Dry-Film Lubricants: Dry-film lubricants 
are divided into water-soluble and water- 
free ("hot melt") categories. Water-soluble 
dry-film lubricants are applied in amounts of 
0.5 to 1.5 g/m2 at the rolling mill (Ref 7.9). 
They stick to the surface of the sheet metal 
and offer sufficient corrosion protection but 
are not compatible with most adhesives used 
in automotive body construction (Ref 7.10). 
The water-free dry-film lubricants are also 
applied on the sheet material in small amounts 
at the rolling mill. Besides their better draw- 
ing performance compared with oil-based 
lubricants, the most important advantage of 
water-free dry-film lubricants is their com- 
patibility with almost all commonly used 
adhesives. 

Application of Lubricants (Ref 7.8). The 
proper application of lubricants is important for 
good lubricant performance and reduction of lu- 
bricant waste and environmental hazards. The 
most commonly used application methods are: 

Drip Method: The simplest and the cheapest 
method to apply the lubricant, by dripping it 
on the panel or sheet blank, but applying the 
desirable amount of lubricant is very diffi- 
cult 
Roll Coating: Lubricant applied on the blank 
moving between two rollers under con- 

trolled pressure, allowing precise control of 
the amount of lubricant applied 
Electro-Deposition: Lubricant deposited on 
the panel surface using electric charge; used 
for high-speed applications without any 
waste of lubricant, but requires high capital 
investment for small stamping shops 
Airless Spraying: Applies precise amounts 
of lubricant to local areas, with minimal 
waste of lubricant in this method, but does 
not work with the high-viscosity lubricants 
Mops and Sponges: Low-cost method still 
used in a lot of small stamping shops to ap- 
ply lubricants on the panels, which can re- 
sult in excessive waste of lubricants, poor 
control of the amount of lubricant, and 
sloppy work environment 

Types of Additives. Various types of addi- 
tives enhance the performance of lubricants. 
The extreme pressure (EP) additives are com- 
monly used in heavy-duty metal stamping op- 
erations (Ref 7.8). They are categorized as tem- 
perature activated and nontemperature activated. 
The temperature-activated EP additives, such as 
chlorine, phosphorus, and sulfur, react as the in- 
terface temperature increases and generate a 
film by a chemical reaction with the metal sur- 
face. This chemical film helps prevent metal-to- 
metal contact in stamping operations. 

EP additives have different levels of effec- 
tiveness in particular temperature ranges: 

Phosphorus is effective up to 205 "C (400 
OF). 
Chlorine is effective between 205 to 700 "C 
(1100 OF). 
Sulfur is effective between 700 to 960 "C 
(1800 OF). 

As the tool and work piece temperatures increase 
during deformation, lubricants with EP additives 
become thinner (low viscosity) and may burn. 
On the other hand, the lubricants with extreme 
temperature (ET) additives become thicker (high 
viscosity) with increasing temperature. As a re- 
sult, at elevated temperatures, the lubricants with 
ET additives is more effective and stick to the 
warm workpiece and create a friction-reducing 
film barrier between the tool and the workpiece. 
Additives such as phosphorus, chlorine and sul- 
fur, as previously discussed, are also used as ET 
additives to enhance the effectiveness of lubri- 
cants at elevated temperatures. 

Corrosion Control. Lubricants often have to 
provide a thm surface film on the stamped parts 
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to prevent oxidation and corrosion, because 
stamping parts may be transferred or stored for 
postprocessing without cleaning the part. There- 
fore, the ASTM D130 standard corrosion test is 
usually conducted to evaluate the performance 
of stamping lubricants: the sheet sample is 
dipped into the lubricant for a particular period, 
usually 1 or 2 weeks. 

Cleanliness and Removal Methods. The lu- 
bricant needs to be thoroughly removed from 
the stamped part before painting and electroca- 
thodic coating (E-coating) with primers, because 
surface contamination can result in poor-quality 
painting and E-coating. 

Straight oils can be removed using vapor 
degreasers, which are types of solvent. However, 
this method is not widely used because of envi- 
ronmental and safety problems. Alkaline clean- 
ers are alternatives to vapor degreasers (Ref 7.8). 
These cleaners can be applied on the part by dip- 
ping into a bath or by impingement spray. This 
method is also effective in water-diluted lubri- 
cants that contain oil. Multistage washers are 
widely used to remove lubricant residues. 

Compatibility with Prelubricants and Other 
Oils. In today’s stamping process, various lu- 
bricants and washer oils are often applied in dif- 
ferent stages. A thin film of prelubricant is usu- 
ally applied on sheet metal at the rolling mill. 
This prelubricant exists as a liquid state or as 
dry-film on the coil. 

Post-Metal Forming Operations. Most lu- 
bricants are applied on sheet metals before press 
forming. Lubricants also affect post-metal form- 
ing operations such as welding, adhesive bond- 
ing, and painting. In addition to their good lu- 
bricity, lubricants must be easily removable 
from the formed panels, because the stamped 
part has to be completely oil-free for painting. 
Therefore, in selection/evaluation of stamping 
lubricants, it is necessary to consider advan- 
tages and disadvantages of lubricants not only 
for deep drawing but also for assembly and 
painting operations. Fig. 7.4 shows how two 
stamping processes, one with wet lubricant and 
one with dry-film lubricant, can change the re- 
quired operations for stamping and post-metal 
forming operations. 

Decoiling and cutting 

StaCkmg blanks 

I V l  

Fig. 7.4 Comparison of stamping processes with (a) wet lubricants and (b) dry-film lubricants. Source: Ref 7.1 1 
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7.3 Tribological Tests for Evaluation of 
Lubricants in Sheet Metal Forming 

Laboratory-Scale Tribological Tests. Vari- 
ous tribological tests developed over the years 
are used to evaluate the performance of lubri- 
cants under laboratory conditions. These in- 
clude the strip drawing test (SDT) and draw 
bead test (Fig. 7.5) (Ref 7.13, 14). The limiting 
dome height (LDH) test is also used to evaluate 
lubricants for stamping (Ref 7.1). In the LDH 
test,-the location of the fracture point depends 
on the frictional condition between the punch 
and the sheet. The material is primarily stretched 
with a small sliding motion; therefore, the test 
emulates the friction on the die or punch shoul- 
ders as shown in Fig. 7.5. The strip reduction 
test was introduced by Andreasen et al. Ref 7.15 
and is extensively used to evaluate lubricants 
for the ironing operation of stainless steels (Ref 
7.16). In this test, the thickness of the metal 
strip was significantly reduced when it is pulled 
through a roller element (Fig. 7.6). This test is 
very useful to test stamping lubricants and tool 
materialdcoatings by quantifying the amount of 
galling on the roller or the strip. 

The twist compression test (TCT) is widely 
used in laboratories for quick evaluation of lu- 
bricants and additives. It is frequently used to 
estimate the COF for stamping lubricants for 
different tool coatings and zinc-coated sheet 
materials as a function of time (Ref 7.17). In the 
TCT, a rotating annular tool is pressed against a 
fixed sheet metal specimen while pressure and 
torque are measured (Fig. 7.7). The COF be- 
tween the tool and the specimen is calculated 
by : 

T p=- 
r x P x A  

(Eq 7.5) 

where p is the COF, Tis applied torque, r is the 
mean radius of the tool, P i s  the pressure ap- 
plied on the tool, and A is the area of contact 
between tool and sample. 

The strip drawing test (SDT) was developed 
to test the higher grades of advanced high- 
strength steels (DP 780, TRIP 780, and DP 980) 
by considering the effects of different die radii, 
materialdcoatings, and lubricants (Ref 7.18). 
The SDT (Fig. 7.8) is a simplified version of a 
round cup deep drawing test (Fig. 7.9). 

Strip drawing test Strip reduction test 

Blank holder", 

Draw bead test Limiting dome height test 

Fig. 7.5 Various Tribotests used for evaluating stamping lubricants; Region 1, flange deformation; Region 2, bending and undbend- 
ing; Region 3, bending and stretching; Region 4, large friction with litde deformation. 
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K 

Fig. 7.6 Setup for strip reduction. A, strip; B, hardened steel rod; C, pressing block; D, distance sheet; E, vertical piston; F, hori- 
zontal piston with claw; G, tools. Source: Ref 7.12 

Applred pressure (P) 

Contact area (A)  

Fig. 7.7 Schematic of the twist compression test. T, applied 
torque; r, mean radius of the tool. Source: Ref 7.1 7 

These laboratory-scale tests are helpful in 
evaluating the performance of a lubricant at dif- 
ferent locations in the die where the deformed 
sheet is under different states of stress and strain 
(Fig. 7.5). The stresses and strains that exists at 
various locations in the deforming sheet may 
differ, which may be one of the reasons that we 
obtain different values for the COF while con- 
ducting different tests with the same sheet mate- 
rial and lubricant. Furthermore, laboratory tests 
have limitations in emulating process condi- 
tions (e.g., temperature, contact pressure, and 
speed) that exist in real stamping operations. 
Evaluating lubricants in real production condi- 

tions is dfficult and expensive. Therefore, a 
good laboratory tribological test that can emu- 
late the conditions found in stamping operations 
is very useful and practical. 

Production-Type Tests-Deep Drawing 
and Ironing Tests. The deep drawing test (Fig. 
7.9) can emulate production conditions and was 
successfully used for evaluation of lubricants by 
various European automotive manufactures 
(Ref 7.11, 20). The deep drawing tests were 
conducted under process conditions that are 
present in practical stamping operations. Major 
emphasis is put on emulating (a) sheet-die inter- 
face pressure levels occurring in production, by 
adjusting the blank holder force (BHF), and (b) 
punch speeds found in mechanical stamping 
presses. 

In deep drawing, the most severe friction 
usually takes place at the die shoulder and 
flange area, as shown in Figure 7.9. The lubrica- 
tion condition in the these areas influences (a) 
the thinning or possible failure of the sidewall 
in the drawn cup and (b) the draw-in length, L,, 
in the flange (Figure 7.9). As the blank holder 
pressure, Pb, increases, the frictional stress, z, 
also increases based on Coulomb’s law, as 
shown in Eq 7.1. Therefore, lubricants can be 
evaluated in deep drawing by determining the 
maximum applicable BHF without fracture in 
the cup wall. 
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Cooracl area 
wrlh a punch 

{a) Configuration of specimen and die merl (b) Final deformed specimen 

Fig. 7.8 Schematic of strip drawing test. R5, R8, R I O  and R12 are radii at the corresponding edges of the insert. Source: Ref 7.1 8 

Molion 01 the die 
and blank holder 

Fig. 7.9 Schematic of deep drawing test and tool dimensions. D, and D, = punch and die diameter, respectively. R, and R, = die 
and punch radius, respectively. Source: Ref 7.1 9 

In using the deep drawing test, qualitative 
and quantitative analyses can be made to deter- 
mine the effectiveness of lubricants, based on 
the following criteria: 

Maximum punch force (the lower the force, 
the better the lubricant) 
Maximum applicable BHF (the higher BHF 
applied without causing fracture in the 
drawn cup, the better the lubricant) 
Visual inspection of galling and zinc pow- 
dering 
Measurement of draw-in length, Ld, in the 
flange (the larger the draw-in length, the bet- 
ter the lubrication) 
Measurement of the perimeter in flange area 
(the smaller the perimeter, the better the lu- 
brication) 

This deep drawing test has been successfully 
used to evaluate various stamping lubricants 
with DP600 (Ref 7.17). Fig. 7.10 compares 
load-stroke curves of fully drawn cups and frac- 
tured cups at a BHF of 70 tons. This fracture is 
caused by the breakdown of lubricant film at 
high contact pressure, while the most of lubri- 

cants performed well in a low contact pressure 
of 30 tons BHF. 

In the automotive stamping operation, the 
sheet panels carry various oils, such as mill oil, 
washer oil, and press lubricant. As a result, the 
lubrication system becomes more complicated, 
and the stamping lubricant may perform very 
poorly because of the mixture of oils and lubri- 
cants. Therefore, the results of a laboratory test 
with a single lubricant may be unrealistic. To 
investigate the effects of a mixed lubrication 
system on stamping performance, the deep 
drawing test was used to evaluate the perfor- 
mance of these complex lubrication systems for 
production applications (Ref 7.2 1). Fig. 7.11 
gives the flange perimeters and punch forces re- 
corded for the different lubrication conditions at 
different BHFs. Lubricants that sustained higher 
BHFs are classified as “good’ lubricants. For 
the same BHF, the lubricants that give lower 
flange perimeters are considered to be good 
lubricants. 

The ironing test has been used to evaluate the 
stamping lubricants under severe conditions of 
plastic deformation and temperature. The iron- 
ing test provides higher pressures (up to 650 
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Stroko[mm] 

Fig. 7.1 0 Load-stroke curves obtained for various lubricants (Lub) tested at a high blank holder force (BHF). Source: Ref 7.19 

T v 

0 Flange perimeter (mm) 0 MaximJm punck force(rN) 

Fig. 7.1 1 Flange perimeters and punch forces recorded for 1 1  lubrication conditions at a BHF of 20 tons. M, mill oil; W, washer 
oil; L, press lube. Source: Ref 7.21 

MPa), as illustrated in Fig. 7.12, and higher 
temperatures at the tooVwork piece interface 
than does the deep drawing test (Ref 7.22). In 
this test, the maximum punch force and the 
change in sidewall thinning depend on the inter- 
face friction between ironing die and work 
piece, because the friction increases the tensile 
stress of the sidewall during ironing. Thus, thin- 
ning is reduced with good lubrication. The thin- 
ning ratio is calculated by measuring the side- 
wall thickness of the ironed cup before and after 
the test. 

Ironing tests were conducted to evaluate vari- 
ous stamping lubricants with DP 590 material 
(Ref 7.17). Average values of thinning ratio 

Sheel 

Slab o n a ry 

Fig. 7.1 2 Schematic of ironing test. Fa, F, F,, F, = forces in 
axial, radial, tangential to die surface, and nor- 

mal to surface directions, respectively. Source: Ref 7.1 9 
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were plotted along the sidewall of ironed cup, 
as shown in Fig. 7.13. Lubricants A and B 
showed smaller thinning distribution than did 
the other lubricants. No severe galling was ob- 
served in th~s  specific test. 

atmosphere. It is possible to obtain various scale 
thicknesses on the sheet material by adjusting 
the furnace temperature. One end of the strip is 
clamped with the chuck of the tension device, 
and it is pulled at constant speed, U,. Once the 
heated zone of the strip reaches the entrance of 
the die, a constant compression force, C,, is ap- 
plied. The COF, p, is calculated from compres- 
sion force, C,, and tension force, q: 

7.4 Tribological Tests for Warm and 
Hot Stamping 

Lightweight materials such as boron alloyed 
steels and aluminum and magnesium alloys are 
dfficult to form at room temperature. Thus, 
these alloys are formed at elevated tempera- 
tures. In order to evaluate lubricants that are 
used in warm and hot stamping, a tribological 
test that can emulate the production conditions 
needs to be selected. The ironing test described 
in section 7.3 is also used to evaluate the stamp- 
ing lubricants at elevated temperatures. The iron- 
ing die shown in Fig. 7.12 was heated by using 
a band heater, and ironing tests were conducted 
to determine the relative performance of five 
different lubricants in warm forming of AISI 
1008 CR steel at 100 "C (210 OF), as shown in 
Fig. 7.14. Lubricant B performed the best, and 
lubricants C and D performed the worst (Ref 
7.22). 

For hot stamping, two methods are used to 
evaluate lubricants: (a) the hot flat drawing test 
(similar to strip drawing test shown in Fig. 7.5) 
(Ref 7.23, 7.24) and (b) the modfied cup draw- 
ing test (Ref 7.25). 

In hot flat drawing test (Fig. 7.15), sheet ma- 
terial is heated in the infrared image furnace to 
its austenitization temperature under inert gas 

t O . O O  

In this experimental work, effect of furnace 
temperature, die pressure, lubrication, and scale 
thickness on the COF was studied. The experi- 
ments were conducted with and without lubri- 
cant, and the lubricants were applied to the die 
surfaces after the dies were heated to 200 "C 
(390 OF). Two hot forging lubricants (water- 
based white type with and without solid lu- 
bricant) were tested with two sheet materials: 
22MnB5 (austenization temperature: 720 "C 
(1330 OF)) with Al-Si coating, and SPHC (aus- 
tenization temperature: 800 "C (1470 OF)) steel. 
The compression force, G, increased during the 
experiment for the dry condition, although it 
was controlled at a constant value. The tension 
force, q, and COF, p, also increased during 
sliding for dry and lubricated conditions. Thus, 
the mean COF, p,,,, is obtained by integrating 
the COF over sliding distance, L,  which is 60 
mm: 

Curvilinear length. rnm 

Fig. 7.1 3 Comparison of sidewall thinning distributions obtained from the ironing tests with different lubricants (Lub); curvilinear 
length (C.L.). Source: Ref 7.1 9 
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Die pressure does not have an effect on the 
mean COF, p,, under the dry condition for 
SPHC steel tested at 800 "C (Fig. 7.16). 

The effect of furnace temperature and lubri- 
cation on the mean COF, p,, for both SPHC and 
22MnB5 steel is shown in Fig. 7.17. Under the 
dry condition, with an increase in the tempera- 
ture the mean COF, p,, increases for 22MnB5 
steel; the effect is smaller for SPHC steel, be- 
cause of the scale thickness generated during 
preheating-scale thickness increases as fur- 
nace temperature increases. Applying lubricant 
decreases the mean COF, p, (Fig. 7.16); the ef- 
fect is less significant for 22Mnl35 steel due to 
the Al-Si coating. 

The effect of scale thickness on the mean 
COF, p,, was investigated on SPHC steel at 800 
"C. Three different scale thicknesses were ob- 
tained by adjusting the gas pressure and adding 
shield pipe between the furnace and the flat dies 
to avoid oxidation. The mean COF, p,, is 
smaller for kcke r  scales (50 pm and 150 pm) 
than for the knne r  scale (10 pm), as shown in 
Fig. 7.18. The flat dies peeled off the scale, and 
the peeled scale behaved like a lubricant (Ref 
7.24). 

Fig. 7.1 4 Load-stroke curves obtained for various lubri- 
cants (Lub) tested at 100 "C 

Geiger et al. (Ref 7.25) modified the cup 
drawing test as shown in Fig. 7.19 to emulate 
the process conditions in hot stamping. Punch 
and die diameters are 50 and 59 mm, and the 
punch and die corner radii are 10 mm. Punch 
force and BHF can be measured during the cup 
drawing test by using load cells. Individual 
heating cartridges and cooling units are used for 
controlling the temperature of the tools. It is 
possible to heat the tools up to 650 "C (1200 
OF). In order to increase the formability of the 
blank, the temperature of the punch was held at 
room temperature, whereas the temperature of 
the die and blank holder was varied to investi- 
gate the effect of tool temperature on friction in 
the cup drawing test. BHF is not applied to pre- 
vent the cooling/quenching of the blank before 
forming, and a distance plate is placed between 
die and blank holder to ensure stable process 
condition. The 22MnB5 blanks are heated to 
their austenitization temperature, which is 900 
"C (1650 OF) and950 "C (1740 OF), bya  K1150-3 
furnace located next to the press. A Variotherm 
thermal imaging camera measured the blank 
temperature until the tools were closed. The 
time between the end of heating the blank and 
the time the tools are closed was approximately 
10 sec, and the punch velocity was 10 mm/sec. 

Geiger et al. (Ref 7.25) used the equation by 
Siebel et al. (Ref 7.26) for estimating the maxi- 
mum drawing force (&raw,max) to evaluate the 
COF: 

where d, is the diameter of the cup wall at max- 
imum drawing force (Fdraw,max), d ,  is the external 
cup diameter at Fdraw,max, r, is the die corner ra- 

Furnace 

Fig. 7.1 5 Schematic of tribosimulator. Source: Ref 7.23 
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dim, f, is the initial sheet thickness, ofml is the 
mean true stress in the flange at Fdraw,max, ofm2 is 
the mean true stress at the drawing radius at 
Fdraw,max, FBH is the BHF ( ~ 0 ,  no BHF during the 
test), p3 is the COF in the area between blank 
and the die radius (to be determined), and p1 
and pz are the COF between the sheet and blank 
holdeddie (= 0, since there is a clearance be- 
tween the sheet and die/blank holder). Except 
p3, all the values can be determined from ex- 
periment and using finite element analysis soft- 
ware External cup diameter at maximum draw- 
ing force, dp, increases with increase in tool 
temperature. ofml and ofm2 are dependent on the 
temperature evolution during the test and can be 
determined from the formulas given by Geiger 
et al. (Ref 7.25) or using finite element analysis. 

~- 

_ _  Dry condition 

i. + SPHC steel 
5 = 800 "C 

. I 1 , I 
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._ 0 
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Fig. 7.1 6 Effect of die pressure on mean coefficient of fric- 
tion, pm. Source: Ref 7.23 

Fig. 7.20 and 7.21 show the influence of tool 
temperature on the COF, p3, for two initial 
blank diameters, 85 and 90 mm. With an in- 
crease in the temperature of the die and the 
blank holder, the COF decreases. The signifi- 
cant temperature-dependent plastic softening of 
22MnB5 steel leads to reduced normal forces 
transferred from the bulk sheet material to the 
interacting surfaces at the die. This causes re- 
duction in COF with increase in temperature. 

7.5 Tribological Tests for Punching 
and Blanking 

In punching and blanking (including fine 
blanking), contact pressure and temperature at 
the tool/work piece interface are much higher 
than with other sheet metal forming processes. 
As the shearing proceeds, the punch is in con- 
tact with fresh surface, and it is difficult to keep 
the tool/work piece interface lubricated during 
punching and blanking. In addition, the torn 
sheet particles can stick to the punch surface 
and become hard particles due to the presence 
of oxygen, which leads to galling (Ref 7.9). 
Fine blanking experiments were conducted (Ref 
7.28) with 16MnCr5 steel (AISI 5115) in order 
to compare the performance of chlorinated 
(widely used and environmentally hazardous) 
and nonchlorinated paraffin oils. The punch sur- 
face was coated with TiCN and three lubricants, 
including chlorinated paraffin oil, were evalu- 
ated. One of the nonchlorinated paraffin oils re- 
sulted in severe galling. Punching tests were 

c 
0 

t 
m 

f 
~~ 

Furnace temperature ("C) Furnace temperature ("C) 
{a) SPHC steel {b) 22Mn05 sleel 

Fig. 7.1 7 Effect of furnace temperature on mean coefficient of friction, pm, both under the dry condition and with a lubricant 
(Lub.), for two types of steel. Source: Ref 7.23 
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conducted (Ref 7.29) with Wn.1.4401 and 
Wn.1.4301 stainless steel sheet material at two 
strokes per minute under dry and lubricated 
conditions, respectively. Chlorinated paraffin 
oil and plain mineral oil were evaluated as lu- 
bricants. A circular punch was used, and back- 
stroke force was measured. Backstroke force 
increases with increasing sheet material pickup 
on the punch surface as the number of stroke 
increases. Scanning electron microscopy indi- 
cated that pickup starts in the axial direction and 
then proceeds only in the radial direction until 
the protrusion touches the die surface (or fills 
the clearance between the die and punch). Min- 
eral oil resulted in higher backstroke force 
(more severe galling) compared with chlori- 
nated paraffin oil (Fig. 7.22). 
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= 950 "C, time at temperature t, = 5 min, 
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Fig. 7.22 Backstroke force versus punch travel for chlorinated paraffin oil and mineral oil. Source: Ref 7.29 
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Deep Drawing of Round and 
Rectangular Cups 
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Die cavity // 
Sheet 

IN DEEP DRAWING, a hollow cup is formed 
by forcing a flat, circular blank into or through a 
die using a punch. The blank is constrained by a 
blank holder while the central portion of the 
sheet is pushed into a die opening with a punch 
to draw the metal into the desired shape without 
causing wrinkles or splits in the drawn part. The 
term deep drawing implies that some drawing 
in of the flange metal occurs and that the formed 
parts are deeper than could be obtained by sim- 
ply stretching the metal over a die (Ref 8.1). 
The thickness is assumed to be constant during 
the process (Ref 8.2). The process is capable of 
forming beverage cans, sinks, cooking pots, 
ammunition shell containers, pressure vessels, 
and auto body panels and parts. 

Deep drawing involves the use of presses 
having a double action for hold-down force and 
punch force. The most critical region of a deep- 
drawn part is the flange, which is under circum- 
ferential compressive and radial tension stresses. 
In order to prevent wrinkling and to control the 
process, a blank holder (also referred to as the 
draw pad or binder) is used (Fig. 8.1). The blank 

Diecavity 

Blank holder Blank holder 
force -1 force 

Fig. 8.1 Schematic of the deep drawing process 

holder’s main function is to apply a blank holder 
force (BHF) onto the cup flange to suppress 
wrinkling. If a blank holder is not used or if in- 
sufficient BHF is applied, then the cup may 
wrinkle (Fig. 8.2c, d). A secondary function of 
the blank holder is to restrain the material flow 
into the die by increased friction at the flange. 
This increased friction causes radial tension 
stresses in the flange, which must be supported 
by the cup wall. If too much BHF is applied, 
fracture may result before the desired cup height 
is attained (Fig. 8.2b). Only with the application 
of correct BHF can a good cup be drawn (Fig. 
8.2a). 

In deep drawing, the load required to form the 
cup is indirectly applied by the punch on the bot- 
tom of the cup (Fig. 8.1). The cup wall transmits 
the load to the deforming zones of the blank 
(Fig. 8.3). As a result, the cup wall is under ten- 
sile stresses that may lead to fracture, usually 
just above the punch corner radius (Ref 8.2). 

8.1 Deformation during Deep Drawing 

Deep drawing involves many types of forces 
and deformation modes, such as tension in the 
wall and the bottom, compression and friction 
in the flange, bending at the die radius, and 
straightening in the die wall. In a typical deep 
drawing of a round cup, various deformation 
zones can be identified (see Fig. 8.3): 

Zone A-C: the flange (axial compression, ra- 
dial tension, circumferential compression) 
Zone C-D: the die corner radius (bending 
and friction) 
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(c) Wrinkled cup (d) Simulated wrinkled cup 

Fig. 8.2 Experimental (a, b, c) and simulated (d) deep-drawn cups 

Blank 

Fig. 8.3 Five deformation zones in deep drawing; Zone A-C: the flange (axial compression, radial tension, circumferential com- 
pression); Zone C-D: The die corner radius (bending and friction); Zone D-E: The wall of the cup (tension and potential 

fracture); Zone E-F: The punch corner radius (bending and friction); Zone F-G: The flat circular bottom (friction and near zero strain) 
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Zone D-E: the wall of the cup (tension and 
potential fracture) 
Zone E-F: the punch corner radius (bending 
and friction) 
Zone F-G: the flat circular bottom (friction 
and near zero strain) 

Zone A-C. The majority of deformation oc- 
curs in the flange of the cup, which undergoes 
radial elongation and circumferential compres- 
sion. As the punch draws the sheet into the die 
cavity, the perimeter of the sheet is forced into a 
smaller dmneter, resulting in flange kckening 
(zone A-B). Also, because of drawing by the 
punch, the sheet material close to the die corner 
undergoes some reduction in thickness (zone 
B-C). As a result, k s  portion of the flange may 
not contact the blank holder surface entirely. 

Zone C-D. Once the material overcomes the 
compression of drawing through the flange, it 
must bend and unbend over the die radius. The 
state of stress in this zone is that of radial elonga- 
tion and bending over the die radius. If the radius 
is too small, the sheet may fracture at this loca- 
tion. If it is too large, then the draw depth is re- 
duced and the formability of the material is not 
fully utilized. Hence, certain guidelines are estab- 
lished for the proper selection of the die radius. 

Zone D-E. The state of stress in this zone is 
that of radial and circumferential tension. If the 
punch die clearance is large, the unsupported 
regions of the cup wall may experience a form 
of undergo out-of-plane deformation (similar to 
wrinkling) called puckering. The punch force is 
transmitted from the bottom of the cup to the 
deformation zone (flange) through tension on 
the wall of the cup. The tension must not cause 
the wall to deform plastically; otherwise, frac- 
ture may occur. 

Zone E-F. In this zone, the sheet material un- 
dergoes bending over the punch corner radius 
and the state of stress is again that of radial ten- 
sion. As the material bends over the die radius, it 
undergoes strain hardening. Hence, the flowing 
material, which forms the cup wall, becomes 
strengthened. The material at the punch corner 
radius is the most common failure site: the cup 
wall is weakest here because the portion of the 
sheet in this region has the least strain hardening. 

Zone F-C. In this region, because of greater 
friction between the punch surface and the bot- 
tom of the cup, the material does not undergo 
much plastic deformation. 

The deformation of the blank during deep 
drawing of a cup typically has three main 
consequences: 

Metal in the periphery of the blank area 
kckens slightly. The flange, while moving 
inward, is reduced in diameter and therefore 
tends to increase slightly in thickness (see 
Fig. 8.4). 
Metal in the periphery of the blank area 
moves toward the die under combined com- 
pressive and tensile forces that result from 
punch pressure. 
Metal in the area adjacent to the punch cor- 
ner becomes thinner because of the stress 
imposed upon it by the resistance that the 
metal in the flange area encounters in over- 
coming compression and friction forces (see 
Fig. 8.5). 

I 

0.640 i 

Fig. 8.4 Thickness variation along the cup wall. Source: 
Ref 8.3 

/Nominal t / maximum t 

- Actual cup shape 

1 - - -  Cup shape if there had been 
no wall-thickness changes 

Fig. 8.5 Thinning and thickening ofthe cup. Source: Ref 8.4 
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Limiting Draw Ratio (LDR) 

ation is: 
The draw ratio (DR) of a deep drawing oper- 

Blank diameter, do 
Cup diameter, d,  0% 8.1) DR = 

The limiting draw ratio (LDR) is defined as the 
maximum DR that can be obtained while draw- 
ing a cup without fracture: 

Maximum blank diameter (without G-acture) 
Cup diameter 

LDR = 

0% 8.2) 

The LDR for some common materials is given 
in Table 8.1. LDR is considered a good measure 
of drawability of a material. However, it de- 
pends on the material properties, the blank 
thickness, the punch and die geometry, and the 
lubrication conditions. 

LDR is influenced by many factors and can 
be increased by: 

Decreasing blank holder-sheet friction 
Decreasing sheet-die friction 
Increasing sheet-punch friction 
Increasing relative ratio of blank thickness 
to diameter (soldo) 
Increasing ratio of punch corner radius to 
punch diameter (rp/dp) 
Decreasing relative punch diameter (ratio of 
punch diameter to thickness) 
Using a material with high strain-hardening 
exponent, n (0 = KI") 
Increasing normal anisotropy (?value) 
Decreasing planar anisotropy (Ar-value) 

In progressive and transfer die applications, 
several consecutive draw operations are used, 
and the practical LDRs are much lower than 
those given in Table 8.1. 

Parameters Affecting the Deep 
Drawing Process 

Deep drawing is affected by a large number 
of parameters such as material properties, blank 

Table 8.1 
(approximate) for some common materials 

Maximum limiting draw ratio values 

Matprial LDR-.. 

Steel sheet, depending on quality 
Aluminum, copper, Al-Cu-Mg sheets 
Brass sheet, depending on prestrain 

Source: Ref 8.2 

1.8-2.2 
2 .1  
1.7-2.2 

configurations, die and press design and setup, 
and complex interactions among the sheet, die, 
and lubrication. The major parameters of the 
deep drawing process are: 

Material Properties 

Strength coefficient, K 
Strain-hardening coefficient, n 
Normal anisotropy, r 
Planar anisotropy, A r  

Geometry (see Fig. 8.6) 

Punch corner radius, r, 
Die radius, r, 
Punch-die clearance, uo 
Blank diameter, do 
Blank thickness, so 

Interface conditions 

Lubricationlfriction conditions 

Equipment and tooling 

Press speed 
Blank holder 

Material Properties and Their 
Influence on Formability 

The plastic behavior of materials is usually 
described by the strength coefficient, K, and the 
strain-hardening coefficient, n, when the flow 
stress of the material is expressed as 0 = K 3 .  
These two material properties significantly in- 
fluence the deep drawing operation. The normal 
anisotropy, r, also plays an important role in the 
drawing process. 

Effect of Strength Coefficient, K. The 
strength coefficient has little influence on form 
ability but affects punch force. During a drawing 
operation, the metal in the flange must be drawn 
in easily without causing fracture in the wall. A 
high K-value means a strong wall, which is ben- 
eficial, but also a strong flange, which makes it 

Blank holder 

Punch 

Flange of the cup 

' Die 

' 4 uD = (d, - dp)/2 

Fig. 8.6 Tool geometry in the deep drawing process. Source: 
Ref 8.2 
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harder to draw in. Therefore, for a successful 
drawing operation, the K-value should be suffi- 
ciently large to assure a reasonable strength of 
the product, but not be so high as to require ex- 
cessive punch force to complete the draw. 

Effect of Strain Hardening. The strain-hard- 
ening exponent, n, is an indicator of material 
formability and plays a crucial role in sheet 
metal forming. A higher n-value strengthens the 
cup wall, but it also strengthens the flange so 
that more force is needed to deform it. Never- 
theless, the LDR tends to increase with increas- 
ing n-value. 

Effect of Anisotropy. The r-value is a mea- 
sure of plastic anisotropy in sheet materials and 
is defined as the instantaneous ratio of width 
strain to thickness strain during the plastic de- 
formation in a tensile test (see “Plastic Defor- 
mation-Flow Stress, Anisotropy, and Form- 
ability” in this volume) : 

An average or normal plastic anisotropy, 7, is 
defined as: 

- 
r =  ro + 2r4, + r9, 

4 

where ro, rg0, and r45 are the r-values at 0”, go”, 
and 45” from the rolling direction. Increasing 
r-values decrease the force to deform the flange 
while increasing the strength of the cup wall. 
The planar anisotropy A r  and affects the “ear- 
ing” of a drawn cup, as shown in Fig. 8.7, and is 
defined as: 

rO - 2r48 + r90 Ar = 
2 

The r-value indicates the ability of the material 
to resist thinning. A high r-value means that the 
material gets narrower rather than thinner. A 
good drawing material has a high r-value (r > 
l), which means that it flows easily in the plane 
of the sheet but not in the thickness direction. A 
material that flows easily in the thickness direc- 
tion (r < 1) has an undesirable tendency to thin 
under the influence of wall tension during draw- 
ing. This excessive thinning (> 20%) may lead 
to cup failure by tearing. Typical r-values ex- 
ceed 1.0 for various steels and are usually less 
than 1.0 for aluminum. High r-values result in 
improved LDR (Ref 8.6), as shown by: 

where q is the deformation efficiency (typically 
around 0.74 to 0.79 (Ref 8.7)). 

Planar anisotropy, Ar, has a minor but impor- 
tant effect on drawability. The higher the Ar, the 
more earing occurs. Earing typically must be 
trimmed; therefore, an increase in Ar increases 
trimming and reduces the total depth of draw 
(Ref 8.7). 

Geometric Parameters and Their Influence 

Punch and die geometly affect metal flow 
and friction in deep drawing. 

Die Radius. The die radius should be se- 
lected based on the blank thickness and diame- 
ter. If the die radius is too small, fracture can 
occur. Therefore, large die radius is preferred 
for decreasing the drawing load and increasing 
the LDR (Fig. 8.6). However, the contact area 
between the blank holder and the flange be- 
comes smaller with increasing die radius, which 
may result in wrinkles in the die radius region 
(Ref 8.2). The recommended values of die radii 

Fig. 8.7 Earing in cup drawing. The arrow indicates the rolling direction. Source: Ref 8.5 
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for aluminum alloys are about 4 to 8 blank 
thickness, so, and for stainless steel they are 
about 5 to 10 so (Ref 8.8). 

Punch Corner Radius. Fracture normally 
occurs at the bottom of the cup wall (where the 
punch radius meets the cup wall; see Fig. 8.6). 
The cup is weakest at the bottom because it 
does not undergo as much work hardening as do 
the sides of the wall. The walls are strengthened 
by work hardening due to bending and unbend- 
ing of the sheet over the die radius. As the punch 
corner radius is increased, the failure site moves 
upward into the material (cup walls) that has 
been strengthened by prior work hardening. A 
generous corner radius also results in a gradual 
increase of the punch load with stroke (Ref 8.7). 
The recommended values of punch radii for alu- 
minum alloys are about 10 so, while for stainless 
steel they are about 5 to 10 so (Ref 8.9). 

Punch corner radius, r,, should be three to 
five times larger than the die radius, r, (Ref 
8.2). 

thickness of the upper portion of the cup, this 
portion of the cup will be reduced in thickness 
due to ironing. During the ironing process, the 
gap between the die and the punch is larger than 
the initial blank thickness but smaller than the 
expected thickness at the top of the cup. As a 
result, the top of the cup (where the cup is thick- 
ened the most) is squeezed between the die and 
the punch, and a cup with more uniform wall 
thickness is produced (see Fig. 8.8). This iron- 
ing process requires a considerable punch force, 
and if the cup is nearly formed before ironing 
occurs, the punch load/punch stroke diagram 
exhibits a second maximum (see Fig. 8.9). 

Empirical equations are used to determine the 
punch-die clearance for deep drawing of round 
cups without ironing (Ref 8.2). Suggested val- 
ues of die clearance, U,, as a function of blank 
thickness, so, for common materials are shown 
in Table 8.2. 

Effect of Friction 

Die radius, r,, greater than 10 times the 
blank thickness, so, may cause wrinkling 
(Ref 8.10). 

Punch-Die Clearance. If the clearance be- 
tween the punch and the die is smaller than the 

In the deep drawing, friction exists at three 

Between the blank holder and the flange 
Between the flange and the &e 
Between the blank and the punch 

interfaces: 

‘ I  

Fig. 8.8 Schematic of the ironing process. Source: Ref 8.4 
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I 

Ram Dosition 

Fig. 8.9 Punch force/punch stroke diagram: ironing process 
combined with forming. Source: Ref 8.3 

Table 8.2 
U,,, for various materials 

Empirical equations for die clearance, 

LID = so + 0.07 mso 
LID = so + 0.04 mso LID = so + 0.02 mso 
LID = so + 0.20 mso 
Source: Ref8.11 

Steel 
Aluminum 
Other nonferrous alloys 
High-temperature alloys 

Friction depends not only on lubrication but 
also on the materials of the tool and the blank, 
their surface conditions, and the BHF. Low fric- 
tion at the die/blank holder interface and high 
friction at the punch and cup interface lead to 
larger achievable LDRs. Values for coefficients 
of friction (COFs) in deep drawing are typically 
in the range of 0.04 to 0.10. 

Equipment and Tooling 

Ram Speed. Ram speed affects friction at the 
material-tool interface. As a result, it may deter- 
mine whether the wall of a drawn part will rup- 
ture, particularly at the moment when drawing 
begins. Ram speed should be adjusted to the 
complexity of the die geometry and the perfor- 
mance of the lubricant. Such adjustment is pos- 
sible in hydraulic and servo-drive presses that 
allow the adjustment of the ram speed during 
the stroke. In mechanical presses, various link 
drives are used to achieve high approach, low 
impact, low deformation, and high return speeds 
of the ram. Typical drawing speeds for various 
materials are given in Table 8.3. 

Table 8.3 Typical drawing speeds for various 
materials 

Drawing speed 

Material fom mmls 

Steel 
Stainless steel 
Copper 
Zinc 
Aluminum 
Brass 

Source: Ref8.12 

18-50 91-254 
30-40 152-203 

125-150 635-762 
125-150 635-762 
150-175 762-889 
175-200 889-1016 

Blank holder. The blank holder force (BHF) 
is applied to prevent wrinkling in the flange as 
well as in the wall of the drawn cup. Excessive 
BHF leads to fracture in the cup wall (Fig. 
8.10). The maximum draw depth corresponds to 
simultaneous failure by wrinkling and failure. 
For any depth of cup less than the correspond- 
ing BHF value, there is a “window” of allow- 
able BHF (Fig. 8.10). 

“The BHF necessary to avoid wrinkling de- 
pends on the drawing ratio, sheet material and 
the relative blank thickness” (Ref 8.2). As the 
relative blank thickness (soldo) decreases, the 
tendency to wrinkle increases, which necessi- 
tates more BHF to control the flow and prevent 
wrinkling. The blank holder pressure required 
to prevent wrinkling of the sheet can be esti- 
mated as (Ref 8.13) : 

where 
so is the blank thickness 
do is the blank diameter 
W, is the blank holder pressure 
F,, is the blank holder force, BHF 
A,, is the area of the blank under the blank 

c i s  the empirical factor, ranging from 2 to 3 
S, is the ultimate tensile strength of the sheet 

DR is the draw ratio (blank diametedcup 

holder 

material 

diameter) 

Different modes of failure are important at 
different stroke positions. At the start of defor- 
mation, the flange is relatively large and may 
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require a relatively large BHF to prevent wrin- 
kling. However, as the punch stroke increases, 
the drawn cup is deeper and the remaining 
flange under the blank holder is smaller. Conse- 
quently, the BHF can be reduced with punch 
stroke or draw depth (see, e.g., Fig. 8.11). Thus, 
the tensile stresses in the cup wall and the prob- 
ability of premature fracture are also reduced. 

The effect of BHF and how it can be adjusted 
in deep drawing of complex parts are discussed 
in Chapter 13, “Cushion Systems for Sheet 
Metal Forming,” in this book, where cushion 
systems are reviewed. 

Draw 
depth 

Prediction of Stresses, Strains, and Punch 
Force using the Slab Method 

Prediction of Stresses. It is possible to ana- 
lyze the metal flow in round cup drawing by 
using the slab method (Ref 8.2). In this method, 
the drawn cup is divided into three different re- 
gions: flange, die corner radius, and cup wall 
(zones A-B, C-D, and D-E, respectively; see 
Fig. 8.3). The symbols used in the analysis are 
shown in Fig. 8.12. 

The blank is divided into finite number of 
slabs, and one of these slabs is studied as it is 

Maximum draw depth 

I 

-t 
Blank holder force 

Fig. 8.1 0 Window showing the allowable blank holder force that can be applied 

250.0 
Ln 

B 
._ 5 200.0 

z + 

6 e 150.0 
P 
5 
9 
2 100.0 
Y 

m z 
50.0 

nn  
0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 

Draw depth, mm 

Fig. 8.1 1 Example optimal blank holder forcekime profile for obtaining larger draw depth 
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, Blank holder 

Punch 

Flange of the 

. Die 

' 4 uD = (d, - dp)/2 

d, + so 

Wall Finished cup 

Bottom 

CUD 

Fig. 8-12 Symbols used in the analysis of cup drawing. 
Source: Ref 8.2 

forced to move from the flange to the cup wall 
during the process. The stress state in the slab is 
different in each region. The forces acting on 
the slab are balanced within each region by con- 
sidering the different stress states. Consequent- 
ly, the required drawing force and BHF are de- 
termined in terms of these stresses. 

Initially the slab is under no stress (position I 
in Fig. 8.13a). As the punch moves down, the 
slab moves in the flange region. In this position, 
the slab is under tension radially and compres- 
sion tangentially (position I1 in Fig. 8.13b). 

Considering the friction between flange and 
&e and between flange and blank holder, the 
force balance in the radial direction at position 
I1 is given by: 

where 
a is the angle of the slab under consideration 
p is the coefficient of friction, COF 
r is the instantaneous radius 
or is the stress in radial direction 
ot is the stress in tangential direction 
s is the instantaneous sheet flange thickness 

In th~s  case, a is assumed to be small, so 
sin(dal2) = da12 and Eq 8.9, after dividing both 
sides by (rdas), becomes: 

Fig. 8.1 3 (a) Position 1 - 1 1  of the slab and (b) stress state in 
position II. Source: Ref 8.2 

Using the Tresca yield criterion, o1 - o3 = of, in 
the analysis and considering that the predicted 
stress value by using this criterion is about 10% 
smaller than the actual value. we obtain: 

o r + l o t l = l . l o f  (Eq 8.11) 

where o1 = or is the stress in the first principal 
drection, o3 = ot is the stress in the third princi- 
pal direction, and of is the flow stress. 

The stresses in the radial direction are evalu- 
ated by substituting Eq 8.11 into Eq 8.10 and by 
integrating Eq 8.10 through the flange region: 

+2p(R-r)& (Eq 8.12) 
S 

where of,m,I is the mean flow stress in the flange 
region between positions I and I1 and R is the 
instantaneous outside radius of the flange. 
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When the slab is at position I11 (see Fig. 
8.14), the stress in the axial direction, oz, at po- 
sition I11 is the same as the stress in the radial 
direction, or, at position 11, excluding the effect 
of friction and bending at the die corner radius 
region: 

oz =or (Eq 8.13) 

When the effect of friction at the die corner 
radius is taken into account, the stress in the 
axial direction, on can be redefined as a func- 
tion of the COF, p, and the stress in the radial 
direction, q: 

oz =or e PSI2 (Eq 8.14) 

Prediction of Strains. In the slab analysis, 
the effect of bending on the strains in the tan- 
gential, radial, and axial directions is neglected. 
The strains in the tangential ( € 3 ,  axial ( s ) ,  and 
radial (€3 directions are approximated: 

where d, is the inner cup diameter and s, is the 
instantaneous sheet wall thickness. 

Prediction of Punch Force. The required 
force for drawing exerted by the punch is the 
sum of the forces required to deform the blank 
and to overcome friction between flange and die 
and between flange and blank holder. In ad&- 
tion, the effect of bending at the die corner radius 
region has to be included. Thus, the required 

't 

I 

Fig. 8.1 4 Slab in position 1 1 1 .  Source: Ref 8.2 

maximum punch force, Fd,max, can be represented 
as (Ref 8.1'3): 

Fd,max = 7CdmS0 

Bending 

where 

(Eq 8.16) 

d, = d, + so is the mean cup wall diameter 
d, is the inner cup diameter 
dFmax is the outside diameter of the flange 

is the mean flow stress in the die corner 
when the drawing load is maximum 

radius region between positions I1 and 111 
rD is the die corner radius 
FN is the normal force 

The friction at the die corner radius region is 
included in the deformation term. 

Finite Element Method (FEM) 

Numerous commercial FEM programs are 
available for analyzing the mechanics of sheet 
forming operations. Most of these programs can 
consider the effect of strain, strain rate, and 
temperature upon flow stress. Furthermore, they 
have a database for considering various material 
models and yield criteria. The main advantages 
of the FEM are: (a) the ability to obtain detailed 
information in the deforming sheet material (ve- 
locities, strain rates, strains, stresses, tempera- 
tures, and pressures) and (b) the fact that the 
same computer code can be used for a large va- 
riety of problems by simply changing the input 
data (Ref 8.14). These data consist of (a) geo- 
metric information (die and blank dimensions), 
(b) material properties (flow stress in function 
of strain, strain rate, and temperature), and (c) 
an average value of the COF at the interface of 
sheet and tool components. In certain cases it is 
possible to use a COF that is a function of inter- 
face pressure or interface conditions. 

For practical application of finite element 
(FE) simulation in general, the following steps 
are carried out: 

1. A geometric model is created, either in a 
CAD program, such as IDEAS, Pro-E, or 
Unigraphics, or in the preprocessor of 
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2. 

3. 

4. 
5. 

6. 

an FE program, such as IDEAS, ANSYS, 
DEFORM, AUTOFORM, LS-DYNA, or 
PAMSTAMP. 
The geometric model is imported into one 
of the FE programs. 
The physical and material properties of the 
model are defined. 
The geometric model is meshed. 
The boundary conditions such as loading 
and displacements are applied. 
The solution is obtained by starting the FE 
simulation. 

FE Model of Round Cup Drawing and 
Comparison with Experiments. Round cup 
drawing was simulated with PAMSTAMP, a 
commercially available FEM code. ASTM 
A1011 DS type-B material was used in both the 
simulations and the experiments (Ref 8.15). The 
geometric model was created in one of the CAD 
programs, HyperMesh. The quarter model, given 
in Fig. 8.15, was used because the problem in- 
volved symmetry in geometry and loading. The 
model was meshed in the same CAD program 
and then imported into the FE code. Shell ele- 
ments were used in the mesh. Punch, die, and 
blank holder were assumed to be rigid, and the 
sheet was assumed to be elastic-plastic. In order 
to obtain the material properties (see Table 8.4), 
biaxial (Ref 8.16) and elliptical bulge tests were 
conducted. Strength and strain-hardening coef- 
ficients were obtained by biaxial bulge test, and 
normal anisotropy was obtained by elliptical 
bulge test. 

The process parameters and tool geometry 
used in the FE simulations and experiments are 
given in Table 8.5 and Fig. 8.16. 

Prediction of Stress and Strain by FEM. 
The stress and strain distributions throughout 
the process are among the outputs of the FE 
simulation. The predicted equivalent strain dis- 
tributions at the last step of the simulation are 
shown in Fig. 8.17. 

Prediction of Punch Force. One of the out- 
puts of the FE simulation is the punch force/ 
punch stroke curve. FE simulations can also be 
used to determine the COF of a lubricant by 
comparing the punch force/punch stroke curves 
obtained from simulations and experiments. Two 
simulations were done in which the COFs, p, 
were 0.07 and 0.09. According to Fig. 8.18, the 
COF of the lubricant was between 0.07 and 0.09. 

Effect of Process Variables on Simulation 
Results. The process variables that affect the 
FE simulation results of round cup drawing are: 

Blank holder 

Punch 

Fig. 8.1 5 The quarter finite element model of round cup 
drawing. Source: Ref 8.1 5 

Table 8.4 Material properties of ASTM A1 01 1 
DS type-B (for 0 = 6") 
Young's Modulus, E 
Poisson's Ratio, v 
Strength coefficient, K 
Strain hardening coefficient, n 
Normal anisotropy 

Source: Ref8.15 

210 GPa 
0.3 
498.8 MPa 
0.131 
1.5 

Table 8.5 Process parameters 

Coefficient of friction, 
Blank holder force, BHF 
Test speed 

Source: Ref8.15 

0.07-0.09 
50 tons 
15 mmlsec 

Material properties: strength coefficient ( K )  
and strain-hardening coefficient (n) (for o = 

- 

KI") 
Blank diameter 
Blank thickness 

Blank holder force, BHF 
Several simulations were conducted to investi- 
gate the influence of the process variables on 
the simulation results. The effects were investi- 
gated by varying only one process parameter at 

Coefficient of friction, COF (p) 
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a time and keeping all the others constant in the Die corner radius (mm/in.) = 16.00/0.63 

Effect of Strength Coeficient (K). Three dif- 
ferent simulations shown in Table 8.6 were con- 
ducted in order to investigate the influence of K 
In these simulations, all the process parameters 
(see Table 8.7), excluding K, were kept constant. 

The influence of K on the FE simulation re- 
sults is shown in Table 8.8. As K increases, the 

simulations in order to eliminate the interaction 
between various process parameters and to study 
the individual effects. The predictions were then 
compared with experimental results. Certain pa- 
rameters were chosen among the outputs of the 
FE simulation for comparison with experimen- 
tal data: 

Maximum punch force 
Maximum thinning (“A) 

The tool dimensions used in the simulations and 
experiments were: 

Punch diameter (mm/in.) = 152.40/6.00 
Punch corner radius (mm/in.) = 20.07/0.79 
Die opening diameter (mm/in.) = 158.24/6.23 

Draw-in of the sheet (flange draw and cup 
depth) (Fig. 8.16) 

required punch load increases and thinning (“A) 
decreases. The effect of K on the punch force/ 
punch stroke curve is shown in Fig. 8.19. 

Effect of Strain-Hardening Coeficient (n). 
Three different simulations (Table 8.9) were 
conducted in order to investigate the influence of 
n, using the process parameters given in Table 
8.10. 

As the strain-hardening coefficient (n) in- 
creases, the required punch load decreases, and 

Motion rd tho die 
and blank holder 

Fig. 8.1 6 Tool geometry used in the finite element simulations and experiments. Source: Ref 8.1 5 

Min = 0.004014 
Max = 0.586487 

Fig. 8.1 7 The equivalent strain distribution in the last step (coefficient of friction = 0.07). Source: Ref 8.1 5 
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ao 
Punch Stroke (mrn) 

Fig. 8.1 8 Punch force/punch stroke curves obtained from finite element model (FEM) simulations and experiment (Exp) with Iu- 
bricant (Lub A). COF, coefficient of friction. Source: Ref 8.1 5 

Table 8.6 Strength coefficient ( K )  values used 
in each simulation 

Simulation name K1 K2 K3 

Strength coefficient, MPaksi  200129 500172.5 8001116 

Table 8.7 The process parameters used in the 
simulations 

Material Unknown. n = 0.3 

Blank thickness, t, mm1in. 0.88910.035 
Blank diameter, d, mm1in. 304.8112.0 
Blank holder force, BHF, kN 
Coefficient of friction, 0.08 

117.0 

Table 8.8 The influence of K on the simulation 
results 

Max. 

force, Thinnine, Draw, mm Draw, mm punch 

Simulation Flange Cup height kN % 

K1, 200 MPa 9.3 46.8 50.0 20.3 
K2, 500 MPa 56.9 107.4 114.0 13.9 
K3,800 MPa 56.7 104.1 170.0 10.6 

thinning (“A) and draw depth increase (see Table 
8.11). The effect of n on punch force versus 
punch stroke curve is shown in Fig. 8.20. 

Effects of Tool Geometry and Friction. The 
effects of tool geometry and friction on the sim- 
ulation results were investigated using the mate- 

r ia ls  listed below. The flow stress data (Kand n) 
were determined by tensile tests. 

Aluminum alloy AA-2024-0: K = 266.15 
MPa, n = 0.134 
High-strength steel: K = 603.83 MPa, n = 

0.143 
Interstitial free steel: K =  622.38 MPa, n = 

0.263 

Effect of Blank Thickness. Two different sim- 
ulations were conducted to investigate the effect 
of blank thickness (see Table 8.12). All the pro- 
cess parameters are given in Table 8.13. 

As blank thickness increases, the punch load 
and draw depth increase (see Table 8.14). The 
effect of blank thickness on punch force versus 
punch stroke curve is shown in Fig. 8.21. 

Effect of Blank DiameteL Three different 
simulations were conducted to investigate the 
effect of blank diameter (Table 8.15). The rest 
of the process parameters are given in Table 
8.16. 

As the blank diameter increases, the required 
punch load, thinning (“A), and draw depth in- 
crease (Table 8.17). The effect of blank diame- 
ter on punch forcelpunch stroke curve is shown 
in Fig. 8.22. 

Effect of Coeficient of Friction, COF (p). 
Simulations were conducted with three different 
COFs (Table 8.18). The rest of the process pa- 
rameters are given in Table 8.19. 
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Punch stroke. mm 3 

Fig. 8.1 9 Punch forcdpunch stroke curves for different K-values 

Table 8.9 Values of the strain-hardening 
coefficient, n, of each simulation 

Simulation name n l  n2 n3 

Strain hardening coefficient 0.1 0.3 0.5 

Table 8.1 0 The process parameters used in the 
simulations 

Material Unknom. K = 500 MPa 

Blank thickness, t, mmiin. 0.88910.035 
Blank diameter, d, mmiin. 304.8112.0 
Blank holder force, BHF, kN 
Coefficient of friction, 0.08 

117.0 

Table 8.1 1 
coefficient, n, on the simulation results 

The influence of the strain-hardening 

Draw, mm Draw, mm Max’ 
punch Thinning, 

Simulation Flange CUD Height force. kN % 

“1) 55.5 100.7 146.0 6.8 
n = 0.1 
“ 2 )  56.9 107.4 114.0 13.9 
n = 0.3 

n = 0.5 
“3) 56.4 114.1 94.0 22.9 

As the COF increases, the required punch 
load and thinning (“A) increase, and draw depth 
remains unchanged (Table 8.20). The effect of 
COF on punch force/punch stroke curve is 
shown in Fig. 8.23; the COF of the lubricant 
used in the experiment was 0.04. 

Effect of BHF Three different simulations 
were conducted to investigate the effect of BHF 

(Tables 8.21 and 8.22). The rest of the process 
parameters are given in Table 8.23. 

According to the simulations and the experi- 
ments, high BHF causes fracture, and low BHF 
causes wrinkling. When a variable BHF (with 
appropriate values) was used throughout the 
punch stroke, both fracture and wrinkling were 
avoided (see Table 8.24) 

8.2 Deep Drawing of 
Rectangular Cups 

Various modes of deformation that occur in 
deep drawing rectangular cups are illustrated in 
Fig. 8.24. The metal flow at the corners of the 
cup is similar to an axisymmetric deep drawing 
operation, whereas the sides undergo a bending 
and unbending operation. Fracture typically oc- 
curs in the corner wall region of the cup (Fig. 
8.25). Higher BHF is required to overcome the 
compressive stresses in the corners than to over- 
come the bending forces in the sides. Thus, the 
corner wall regions experience higher stresses 
than the sidewalls. Furthermore, the corner 
flange area tends to thicken more than the side 
flange area. As a result, the blank holder pres- 
sure is concentrated on the corner flange areas, 
and the severity of the corner wall stresses is 
further increased. 

Decreasing the pressure on the flange corners 
allows the corners to draw in more freely, 
thereby decreasing stress in the cup wall. In- 
creasing the pressure on the flange sides re- 
strains the flow of material and reduces the ex- 
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Punch slroke. mm -+ 

Fig. 8.20 Punch forcdpunch stroke curves for different n-values 

Table 8.1 2 
simulation 

Blank thickness values used in each 

Simulation name T1 T2 

Blank thickness, m d i n .  1.01 610.04 1.6010.063 

Table 8.1 3 The process parameters used in the 
simulations 

Material AA 2024 - 0 

Blank diameter, mmiin. 304.8 112.0 
Blank holder force, BHF, kN 60.0 
Coefficient of friction, 0.04 

Table 8.1 4 The influence of blank thickness on 
the simulation results 

Max. punch Thinning, 
Draw, mm Draw, mm 

~~ 

Simulation Flanee CUD heieht force, kN % 

T1 = 1.016 mm 55.7 99.2 80.0 7.43 
T2 = 1 .60mm 61.0 104.7 124.0 7.31 

cess material that causes oil canningand other 
shape problems in rectangular drawn cups. Thus, 
it is desirable to have a BHF that varies over the 
flange area in order to deflect the blank holder 
elastically in a way that promotes drawing and 
increases part quality. More BHF is needed in 
the corners than in the sides, in order to sup- 
press the wrinkling that tends to occur in the 
corners because of circumferential compressive 
stresses. 

Major Defects in Deep Drawing of 
Rectangular Cups 

A defect in deep drawing generally consists 
of a final undesirable geometry or surface finish 
of the cup. Frequent defects encountered in 
deep drawing of rectangular cups are wrinkling, 
puckering, tearing, orange peel, and scratches. 
The two common modes of failure are tearing 
and wrinkling (Fig. 8.26). 

Fracture and Thinning. Fracture may be 
observed as a split or tear (excessive stretch- 
ing), a surface crack (excessive bending), or an 
edge failure (caused by an imperfection in the 
blanked edge). 

Wrinkling or buckling is caused by compres- 
sive stresses and typically occurs on the flange 
of the part. Often it may not be a concern if the 
flange is trimmed, as with many automotive 
parts. Puckering is when wrinkling occurs in the 
sidewall of the rectangular par. Unlike flange 
wrinkling, puckering is of major concern. It can 
be avoided by increasing the tensile stretching 
in the cup wall by using deeper draw beads or 
greater BHF. 

Residual stresses may also cause geometric 
distortions in the part. Large-scale distortions 
may take the form of highs or lows in the part 
surface or appear as oil canning (elastic insta- 
bilities). Undesirable surface textures, such as 
orange peel or stretcher strain markings, may 
also occur during deformation. Orange peel 
consists of a rough surface appearance typically 
caused by the variation of flow stress proper- 
ties of the various grains contained in the mate- 
rial. 
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Punch slmhe. mm -+ 

Fig. 8-21 Punch force/punch stroke curves for different blank thickness values obtained in experiment (Exp) and finite element 
model (FEM) simulations 

Table 8.1 5 
simulation 

Blank diameter values used in each 

Simulation name D1 D2 D3 

Blank diameter, mmiin. 254.0110.0 279.4111.0 304.8112 

Table 8.1 6 The process parameters used in the 
simulations 

Material IF Steel 

Blank thickness, m d i n .  0.787410.031 
Blank holder force, BHF, kN 
Coefficient of friction. u 0.16 

158.0 

Table 8.1 7 The influence of blank diameter on 
the simulation results 

Max. punch Thinning, 
Draw, mm Draw, mm 

Simulation Flange Cup height force, kN % 

D1 = 254.0 mm 36.6 66.7 120.0 5.14 
D2 = 279.4 mm 38.7 79.4 140.0 6.90 
D3 = 304.8 mm 51.9 105.1 158.0 9.23 

Current finite element analysis (FEA) tech- 
niques allow the prediction of wrinkles and, to 
some extent, of the tendency to fracture. The 
maximum thinning in the drawn part has tradi- 
tionally been used in practice to estimate prox- 
imity to failure. This is an approximate method, 
because the limit of thinning can vary with strain 
path. Prediction of biaxial strain has been pro- 

posed (Ref 8.17) to estimate failure in the form 
of a forming limit diagram. The determination of 
a forming limit diagram requires extensive and 
laborious experimentation for a given material. 
However, this technique coupled with FEA is 
widely used for predicting fracture. 

From a practical perspective, wall thinning 
that leads to fracture is due to tensile stresses 
that occur in the cup wall during deep drawing. 
For a given material and part geometry, the ten- 
dency to wall thinning can be reduced by im- 
proving lubrication, reducing the draw velocity 
(which improves the effectiveness of lubrica- 
tion), and reducing the BHF, provided the for- 
mation of wrinkles is avoided. 

Wrinkling 

Wrinkling is a phenomenon of compressive 
instability at the presence of excessive in-plane 
compression. It is caused by excessive com- 
pressive stresses in the flange of the sheet. For 
example, in a drawing operation, wrinkling can 
be initiated either under the binder (flange wrin- 
kling; Fig. 8.26a) or in the side wall (puckering; 
Fig. 8.26b), when the restraining force provided 
by the blank holder andlor draw beads is not suf- 
ficient to prevent excessive material draw-in. 

The initiation of wrinkling is a local phenom- 
enon that depends on material properties, stress 
state, and blank thickness of the material in the 
region under compression. The state of stress is 
that of in-plane compression in one direction, 
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Fig. 8-22 P,unch forcdpunch stroke curves for different blank diameters in experiment (Exp) and finite element model (FEM) 
simulations 

Table 8.1 8 Coefficient of friction values used 
in each simulation 

Simulation name Nu1 Nu2 Nu3 

Coefficient of friction 0.04 0.08 0.12 

Table 8.1 9 The process parameters used in the 
simulations 

Material HSS 

Blank thickness, m d i n .  0.88910.035 
Blank diameter, mmiin. 254.0110.0 
Blank holder force, BHF, kN 117.0 

Table 8.20 The influence of coefficient of 
friction on the simulation results 

Max. vunch Thinnine, 
Draw, mm Draw, mm 

Simulation Flange Cup height force, kN % - 
Nu1 = 0.04 37.2 66.7 92.0 2.08 
Nu2 = 0.08 36.7 66.7 104.0 2.35 
Nu3 = 0.12 36.1 66.6 120.0 2.88 

in-plane tension in another direction, and nor- 
mal constraint by the binder (or blank holder) in 
the third direction. 

To avoid wrinkling, the metal should be kept 
in tension. Wrinkling is prevented by applying a 
force on the periphery of the blank with the help 
of a blank holder or a draw bead that restrains 

metal flow. The applied BHF induces friction 
necessary to convert the compression in the 
edge of the material of the blank into the desired 
tension needed for drawing. However, there is a 
limit to the applied BHF. If BHF is increased 
until the tension in the blank exceeds the 
strength of the material, the metal will tear at 
the mouth of the die or at the bottom of the cup 
(Fig. 8.25a). 

8.3 Prediction of Punch Force and 
BHF-Case Study 

A first approximation to predict forces in 
deep drawing rectangular cups is to approxi- 
mate the rectangular cup geometry with that of 
an axisymmetric/round cup having equal perim- 
eter and width of flange. Thus, the simple equa- 
tions discussed for deep drawing of round cups 
can be used. However, the practical state-of-the- 
art calculation method is to use finite element 
analysis (FEA). The prediction and control of 
the BHF are more important in the deep draw- 
ing of rectangular cups than in the deep drawing 
of round cups since it is possible to vary the 
BHF in position (along the flange) as well as in 
time (during the punch stroke). The selection of 
BHF and the use of multiple point cushions are 
discussed in detail in Chapter 13, “Cushion Sys- 
tems for Sheet Metal Forming,” in this book. 
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Punch strnke. rnm - 
Fig. 8-23 Punch force/punch stroke curves for different coefficients of friction, p, obtained in experiment (Exp) and finite element 

model (FEM) simulations 

Table 8.21 BHF values used in each simulation 

Simulation name EHFl BHF2 EHF3 

Blank holder force, kN 151.0 70.0 Variable BHF 

Table 8.22 Variable BHF values used in BHF3 
simulation 

Punch stroke. mm 0 10 20 65 95 

Blank holder force. kN 147.0 142.1 98.0 68.6 68.6 

Table 8.23 The process parameters used in the 
simulations 

Material IF Steel 

Blank thickness, m d i n .  0.88910.035 
Blank diameter, mmiin. 330.2113.0 
Coefficient of friction, 0.08 

Table 8.24 The influence of blank holder force 
on the simulation results 

Simulation Thinning, 
Simulation results Experiment results % 

BHF1 = 151 kN Fracture at Fracture at 53.5 22.87 
58.0 mm mm 

28.9 mm observed 
BHF2 = 70 kN Wrinkled at Wrinkling . . .  

BHF3 =Variable BHF 108.5 mm Good part High 15.4 
draw d m t h  

discussed here because it is helpful to explain 
the methodology used for evaluating and im- 
proving part quality (Ref 8.18). 

Press and Tooling 

The deep drawing experiments were per- 
formed in a 160-ton hydraulic press installed at 
the Engineering Research Center for Net Shape 
Manufacturing laboratory at The Ohio State 
University. The clamping pressure was applied 
by a hydraulic die cushion. Die cushion force 
could be kept constant or varied (by computer 
numerical control) as a function of stroke, with 
a maximum load of 100 tons. The geometry of 
the rectangular cup formed in the experiments is 
shown in Fig. 8.27. The cross section of the 
tooling to form this part is shown in Fig. 8.28. 
The tooling was instrumented to measure the 
load and stroke during the deformation. As 
shown in Fig. 8.28, the punch (11) load was 
measured by an in-line load cell (1 2). The blank 
holder support plate (7) was supported by 28 
cushion pins (16) that transferred the load from 
the die cushion to the blank holder support 
plate. The BHF was measured using eight 15- 
ton button load cells (20) located at the corners 
and in the middle of the sides of the rectangular 
blank holder (6). 

In the deep drawing of rectangular cups, the 
prediction of the blank shape and BHF is criti- 
cal for achieving a successful forming opera- 
tion. A case study with a rectangular cup geom- 
etry and an aluminum alloy (AA 2008-T4) is 

Material and Lubrication 

The material properties of aluminum alloy 
AA-2008-T4 used in this experiment are given 
in Table 8.25. Three different blank geometries 
(rectangular, oblong, and oval; see Fig. 8.29) 



Punch 

Chapter 8: Deep Drawing of Round and Rectangular Cups / 123 

j /  
I 

I 

I 

I 

Original 
blank 
edge 

Bend-and- 
straighten 

~~ - - , _ _ _ _  

i Zero'minor i 
st\ain 

? -  _ _ - - - _ _ _ _ _ _ _ _ _  J 
! 

Fig. 8-24 An example of a drawn rectangular cup: corners are similar to deep drawing, and the sides undergo bending and 
straightening 

(a) 

Fig. 8.25 Fracture in experimental rectangular cups 

(a) Flange wrinkles (puckering) (b) Side wall wrinkles 

Fig. 8-26 Wrinkles that may occur in deep drawing rectangular cups when blank holder force is too low: (a) flange wrinkles, (b) 
side wall wrinkles 

were tested in the experiments. The experiments 
were conducted using an oil-based lubricant. 
The lubricant was applied to the punch, blank 
holder plate, die surfaces, and both surfaces of 
the blanks . 

FEA Simulations 

A rectangular cup was formed to a 50-mm 
height from an oblong-shaped blank. In this ex- 
periment, a flat blank holder was used, and the 
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Fig. 8-27 The geometry of the deep-drawn rectangular cup 
Source: Ref 8.1 8 

BHF was kept constant at 25 tons during the 
stroke. 

The forming process was simulated with an 
FEA technique. The same process conditions 
from the experiments and a COF of p = 0.08 
were modeled using a three dimensional FEM 
code developed to perform crash and metal- 
forming simulations. The code also used a La- 
grangian explicit time integration technique and 
modeled sheet behavior, including membrane, 
bending, and shear effects. The sheet was mod- 
eled as an elastic-plastic material. The tooling 
was made mathematically discrete using rigid 
elements. 

The thickness distributions predicted by the 
FEA simulations in three directions, diagonal, 
longitudinal, and transverse, are shown in Fig. 
8.30. Since the nature of the deformation was 

1 

14 

Legend 

1 Press slide 
2 Die holder clamp 
3 Upper die plate 
4 Spacer 
5 Die ring 
6 Rectangular blank holder 
7 Blank holder support plate 
8 Guiding pin 
9 Lower die plate t 

10 Blank holder stopper 
11 Punch 

12 In-line load cell 
13 Spacer 
14 Load cell locator 
15 Press bed 
16 Cushion pins (28 total) 
17 Guide plate 
18 Formed part 
19 Die guide plate 
20 Button load cells (eight total) 
21 Bolt 

Fig. 8-28 The tooling used to form the rectangular cup was instrumented to measure the loads and stroke during the deformation. 
Source: Ref 8.1 8 
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Table 8.25 Properties of aluminum alloy AA-2008-T4 

Ultimate 
Temperature Yield strength tensile strength K 

7 45 22.10 152.37 40.67 280.41 73.69 508.07 0.248 0.570 

Source: Ref8.18 

300 

Fig. 8-29 Dimensions of the three blank shapes used in the 
experiments. Source: Ref 8.1 8 

350 

Fig. 8-30 Thickness distribution predicted by the finite ele- 
ment analysis simulations. Source: Ref 8.1 8 

close to axisymmetric at the corners of the rect- 
angular cup, additional restraining forces re- 
tarded the metal flow and caused the largest 
thinning to occur there. The minor strains were 
as high as 9% on the sides of the rectangle. 
These levels of minor strains and associated cir- 
cumferential stresses were high enough to cause 
wrinkling in the flange at the sides of the rectan- 
gular cup. 

To reduce forming severity at the corners and 
to prevent wrinkling on the sides, the metal flow 
around the periphery of the cup had to be made 
as uniform as possible. The following methods 
could be used for this purpose: 

The blank shape can be modified to give a 
smaller contact surface at the corners. 
Die surfaces can be spotted (ground) at the 
corners to provide more space for sheet 
thickening. 
Draw beads can be used on the sides of the 
rectangular. 
Multipoint cushions can be used to control 
the BHF as a function of time and location, 
as discussed in Chapter 13 in this book. 

Wrinkling and Fracture f imits 

Wrinkles usually occur on the flange at the 
sides of the rectangle. Since most of the BHF is 
concentrated on the corners where the metal 
thickens more, the sides of the rectangle cannot 
get enough pressure to restrain the metal and 
prevent wrinkling. Increasing the blank holder 
pressure at the sides of the rectangular blank us- 
ing a multipoint pressure control system could 
improve the formability of rectangular cups. 

The wrinkling amplitude and the wavelength 
were measured using a coordinate measuring 
machine. Computer code was used to find the 
peaks and valleys in the surface profile mea- 
surements and to calculate the wrinkling ampli- 
tudes and wavelengths. These calculations were 
used to establish quantitative limits for drawing 
quality. 

To determine the formability limits, a method 
has to be developed to quantify both wrinkling 
and fracture. For this purpose, a number of cups 
were formed to different heights using each 
blank shape with various BHFs. By visual in- 
spection, the upper and lower control limits for 
the wrinkling amplitude were set at 0.08 and 
0.05 mm, respectively. These limits depend on 
the application, material, and process conditions. 
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The effect of blank shape on wrinkling is 
shown in Fig. 8.31, which plots wrinkling am- 
plitude measurements on three cups formed to 
32-mm depth under a 30-ton BHF. Because of 
the asymmetry in the tooling, the wrinkling am- 
plitude measurements varied at different loca- 
tions on the cup (Fig. 8.27). Wrinkling and frac- 
ture limits for rectangular cups formed from 
different blank shapes are shown in Fig. 8.32. 
These limits are determined for a wrinkling am- 
plitude of 0.08 mm. The rectangular blanks 
showed higher wrinkling and fracture limits. It 
is clear that the blank shape affects part quality. 

Wrinkling was also predicted in the process 
simulations using FEA. Figure 8.33 shows the 
deformed cup geometry with severe wrinkling 
as predicted by FEA simulation using a BHF of 
2 tons. Fracture was predicted by means of a 
sudden drop in the punch force measurements 

during the experiments and extensive localized 
stretching during the simulations. 

BHF Control to Prevent 
Wrinkling and Fracture 

A set of experiments was performed to show 
the effect of the BHF control on the fracture and 
wrinkling in deep drawing the rectangular cups. 
In these experiments, oblong blanks of alumi- 
num alloy AA-2008-T4 were formed to a 50- 
mm depth using a water-based lubricant. Initial 
experiments were performed using constant 
BHFs of 25 tons and 35 tons. With a BHF of 35 
tons, fracture occurred at 41 mm. With 25 tons, 
minor wrinkling occurred. 

Therefore, to prevent wrinkling and fracture 
at the same time, a BHF profile as a function of 
time (or stroke) was developed. In these BHF 
trajectories, the BHF was high initially when 
wrinkling was more critical. It was then reduced 
toward the end of the stroke to ease the metal 
flow and to prevent fracture. 

E 
E 

Blank shaoe 

Fig. 8-31 The wrinkling amplitude measurements on three 

force of 30 tons. Source: Ref 8.1 8 
cups formed to 32-mm depth under a blank holder Fig. 8.33 Deformed cup geometry with Severe wrinkling 

predicted by finite element analysis simulation 
using a blank holder force of 2 tons. Source: Ref 8.1 8 

E 
E 

Blank holder force, tons 
Displacement, mm 

Fig. 8-32 The wrinkling and fracture limits for rectangular 
cups deep-drawn from different blank shapes. 

Source: Ref 8.1 8 
Fig. 8-34 Blank holder force (BHF) profiles used in the 

simulations and experiments 
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Punch travel, mrn 

Fig. 8-35 The punch force measurements obtained with 
three different blank holder force values 

The BHF profiles used in the simulations and 
in the experiments are shown in Fig. 8.34. Fig- 
ure 8.35 shows the punch force measurements 
using three different BHF distributions: 25 tons, 
35 tons, and variable (BHF trajectory 2). 

Starting with a large BHF caused the punch 
force to increase steeply but suppressed wrin- 
kling initiation. The BHF was reduced at a punch 
travel of 18 mm and was dropped down to 25 
tons at a punch travel of 38 mm. The wrinkling 
height was significantly reduced by controlling 
the BHF as a function of the stroke. 
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CHAPTER 9 

Principles of Sheet Forming Presses 
Eren Billur, The Ohio State University 

EACH SHEET FORMING PROCESS is as- 
sociated, in a practical sense, with at least one 
type of sheet forming machine or equipment. 
The sheet forming equipment varies by the rate 
at which energy is applied to the work piece 
and by the ability to control the applied ener- 
gy. Each machine type has distinct advantages 
and disadvantages, depending on the number 
of parts to be produced, the dimensional preci- 
sion, and the alloy being formed. The introduc- 
tion of a new process invariably depends on the 
cost-effectiveness and production rate of the 
equipment associated with that process. There- 
fore, capabilities of a forming machine are a 
paramount concern, so that process engineers 
can: 

Use existing machinely more efficiently 
Define the existing plant capacity with ac- 
curacy 
Communicate better with machine builders 
and at times request improved performance 
from the machine builder 
Develop, if necessary, in-house proprietary 
machines and processes not available in the 
machine-tool market 

The most important outputs with sheet metal 
forming, from a practical point of view, are final 
part tolerances and production rate (Ref 9.1). 
These are affected by both machine (press) vari- 
ables and process variables, as summarized in 
Fig. 9.1. The behavior and characteristics of the 
sheet forming press affect all of the following: 

Stiffness (C) and accuracy of the press (see 
the section “9.2 Characteristics of Presses”), 
which influences the “as formed’ tolerances 
of the parts. Stiffness also affects die life. 

Strokes per minute under load (n,,) capability 
of a press, which influences the production 
rate (partskime) 
Available machine load (L) and machine 
energy (EM), which determine whether the 
press is able to perform the specific stamp- 
ing operation 

The die geometry and the incoming sheet ma- 
terial also affect the required process load (L,) 
and energy (E,). For example, the flow stress 
(5) of the material, part geometry, and tribologi- 
cal (friction, lubrication) conditions determine 
the load and energy required to perform the 
stamping operation. The formability (or ductil- 
ity) of the incoming material also determines 
whether the part can be successfully formed 
without any fracture. 

9.1 Components of Presses 

The basic components of a sheet forming 

A frame (1) that supports the bolster (2) that 
is a plate attached to the bed. The bolster has 
tapped holes, T-slots, or other means for at- 
taching the bottom die to the press. 
A drive mechanism (3) that moves the slide 
(4) at a right angle to the bolster 
The sibs (5) that guide the reciprocating mo- 
tion of the slide and ensure the parallelism 
of the slide to the bolster 

The uppermost position of the slide is called top 
dead center (TDC); similarly, the lowermost PO- 

sition is called bottom dead center (BDC). The 
distance between TDC and BDC is the stroke 

press (Fig. 9.2a) consist of (Ref 9.4, 9.5): 
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Material Variahles 

Fig. 9.1 Relationships between process and machine variables. Source: Ref 9.2 

1) Frame 

Fig. 9.2 Terminology used for (a) basic press components and (b) geometric terms. Adapted from Ref 9.3, 9.4 

(s). In a mechanical press, the crank angle is 
measured from TDC: the crank angle is 0" at 
TDC and 180" at BDC. When the slide is re- 
tracted (i.e., at TDC), the distance from bolster 
to slide surface is called daylight. When the 
slide is moved to BDC, the distance between 
same components is called press shutheight 
(Fig. 9.2b) (Ref 9.4). 

To carry out a sheet metal forming operation, 
the press has to be able to accommodate the dies 
and generate the necessary motion (i.e., stroke). 
Therefore, it is important to have sufficient &e 

space, bolster area, slide face area, and press 
shutheight. A specific forming operation (deep 
drawing, bending, etc.) requires a certain varia- 
tion of forming load over the slide displacement 
(or stroke). This fact is qualitatively illustrated 
in Fig. 9.3, which shows the load-displacement 
curves for various stamping operations. The area 
under each curve represents the energy needed 
for the process (Ref 9.2). 

For a given material, die geometry and lubri- 
cation (friction) conditions determine the mag- 
nitude of the forming or process load (&) re- 
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(a) Deep drawing (b) Bending 

(c) Blanking (d) Coining 

Fig. 9.3 Schematic of load-displacement curves for various sheet forming operations. Source: Ref 9.2 

quired. In a forming operation, the press must 
be able to supply the load (& 2 4) and energy 
(EM 2 Ep) required by the process during the 
entire stroke(s). Metal forming machines are 
usually classified with respect to their capability 
to supply these variables (Ref 9.6): 

Load-Restricted Machines: These presses 
are capable of supplying the nominal ma- 
chine load (L,), at any position of slide. Hy- 
draulic presses belong to this category and 
are explained in more detail in Chapter 12, 
“Hydraulic Presses,” in this book. 
Stroke-Restricted Machines: These are usu- 
ally mechanical presses, which are discussed 
in Chapter 10, “Mechanical Presses,” in this 
book. The kinematics of the slide motion are 
determined by the main drive (i.e., crank and 
connecting rod or pitman arm). The available 
machine load (&) is a function of stroke(s). 
Energy-Restricted Machines: Although not 
commonly used in sheet metal forming op- 
erations, screw presses with a flywheel and 
hammers provide a well-defined amount of 
energy per stroke. If the deformation re- 
quires more energy than the energy avail- 
able per stroke, several strokes may be re- 
quired to perform the operation (Ref 9.6). 

9.2 Characteristics of Presses 

In mechanical, hydraulic, screw, or servo- 
drive presses, the following major characteris- 
tics are important: 

Frame type 
Energy and load requirements 
Time-dependent characteristics 
Dimensional accuracy 

Frame Types 

Figure 9.2 shows a gap frame (also known as 
C-frame) press. These presses are favored be- 
cause the die space is easily accessible from all 
sides except the rear. However, these presses are 
not suitable for high-accuracy production, be- 
cause they have unavoidable angular deflection 
due to their asymmetric frame structure. Fitting 
the open side of the press with stay rods or a 
bridge frame helps to reduce the angular deflec- 
tion of these presses (Fig. 9.4) that have usually 
relatively low force capacities (up to 2500 kN 
(-275 tons)) (Ref 9.1, 9.8). 

Close-tolerance stampings are often made in 
straight-side presses. As shown in Fig. 9.5, these 
presses generally have larger die space and 
higher tonnage. Most, but not all, straight-side 
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(a) (b) (c) 

Fig. 9.4 (a) Gap frame press (b) with stay rods and (c) with bridge frame. Source: Ref 9.7 

Press crown 

{a) One-piece (monoblock) kame (bJ Four-piece (tie-rod) kame 

Fig. 9.5 Straight-side presses. Adapted from Ref 9.1 

presses have four-piece (tie-rod) frame that chanical presses, tie rods limit potential over- 
comprises a bed, columns (uprights), and a loading of the press (as discussed in Chapter 
crown (Fig. 9.5b). These components are held 10, “Mechanical Presses,” in this book). If a 
together by prestressed tie rods. This design has straight-side press does not have tie rods, then it 
three advantages: (a) it is easier to transport, (b) is considered to have a one-piece (monoblock) 
it can withstand higher loads, and (a) in me- frame (Fig. 9.5a) (Ref 9.1, 9.4). 
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Load and Energy Requirements 
Available machine load (L,) (in tons or kN) 

is the load that can be applied to the forming 
die. In hydraulic presses, the maximum avail- 
able load is available throughout the slide 
stroke. In mechanical presses the nominal load 
of a press is available only at some distance 
from bottom dead center (BDC). 

At any time during the forming operation, the 
available machine load, LM, should be larger 
than the load required by the process, 4: 

L>J% Eq 9.1 

If this condition is not satisfied in a hydraulic 
press, the press will stall without completing the 
required deformation. In a mechanical press, the 
clutch may slip, and the press may stop before 
reaching the BDC position. Overloading of a 
mechanical press is further discussed in the 
chapter “Mechanical Presses” in this volume. 

Available energy (EM) (in ton-inch or kJ) is 
the energy supplied by the machine to carry out 
the deformation during an entire stroke. The 
available energy must be equal to or higher than 
energy required for the process (E,) in order to 
be able to complete the forming operation: 

4 ’4  Eq 9.2 

If a mechanical press does not satisfy Eq 9.2, 
the flywheel speed will slow down to unaccept- 
able speeds. In a hydraulic press, if Eq 9.1 is 
satisfied, then 9.2 is also satisfied. 

Efficiency factor (q) is determined by divid- 
ing the available energy (EM) by total input en- 
ergy (E,). Available energy, EM, does not in- 
clude the losses in electric motor (EEM), friction 
losses in drive system and the gibs (E,) , and the 
losses due to elastic deflection of the machine 

E ,  = E M  + E ,  + E,  +ED Eq 9.3 

Eq 9.4 

Time-Dependent Characteristics 
Number of strokes per minute (n,) is one 

of the most important characteristics because it 
determines the production rate. In a mechanical 
press, the number of strokes per minute is con- 

trolled by crank speed (rpm). However, the 
number of strokes per minute under load is usu- 
ally smaller than the idle crank speed (n, < no). 

Contact time under pressure (t,) (’ in sec- 
onds) is the time during which the part remains 
in the die under the load. t,, is important in warm 
and hot forming, in which it affects the heat 
transfer and die wear; fp is also affected by press 
stiffness (see the section “Stiffness of a Press” 
in this chapter). 

Slide velocity under pressure (V,) (in in./s 
or mm/s) is important during the deformation 
because it affects the friction conditions (lubri- 
cation is affected by relative speed between the 
die and sheet material). At elevated temperature 
forming, the properties of the sheet material are 
also affected by strain rate or slide velocity. The 
strain rate (E) may affect the flow stress (as E 
increases, 0 increases) and the formability of 
the sheet material. 

Dimensional Accuracy 
The dimensional accuracy of a stamped part 

is largely determined by the accuracy of the 
guiding of the die set and that of the press, as 
well as by the elastic deflection of the press and 
the tooling under load. Thus, the accuracy of 
presses has to be determined under unloaded as 
well as loaded conditions (Ref 9.6). 

Under unloaded conditions, the relative posi- 
tions of slide face and bolster are determined 
by: 

Clearances in the gibs 
Parallelism of slide face and bolster 
Flatness of slide face and bolster 
Perpendicularity of slide motion with re- 
spect to bolster 
Concentricity of tool holders 

These characteristics are determined by the 
manufacturing and assembly quality of the 
press. Gib adjustments and guides in the die set 
may help to reduce some of these inaccuracies. 
Under loaded conditions, elastic deflections of 
press components cause the dies to drift. These 
effects are more significant in gap-frame presses 
and under off-center loading and are affected by 
the vertical and angular stiffness of the press 
(C) .  

Stiffness of  a Press 
The elastic behavior of a press is defined by 

German standard DIN 55 189 with two param- 
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eters of stiffness, vertical stiffness and angular 
stiffness, as shown in Fig. 9.6. 

Vertical (linear) stiffness (C) is defined as: 

c = L ,  Eq 9.5 
d 

Angular stiffness (C,) is defined as: 

Eq 9.6 

LM is the load applied by the machine, e is the 
eccentricity of the load, M i s  the tilting moment 
created by the eccentric load, d is the vertical 
deflection, and a is the angular deflection as de- 
picted in Fig. 9.6. 

The main influences of stiffness, C, on the 
forming process can be summarized as follows 
(Ref 9.14, 9.15, 9.16). Under the machine load, 
&, the press stores some elastic energy, 4, 
during load buildup. This energy is smaller for a 
stiffer press (larger Q. The deflection energy 
can be calculated from: 

Eq 9.7 
E --dL 1 -& 

D - 2  ,-2c 

Note that having smaller 4 would increase the 
efficiency of a press (q) (see Eq 9.3, 9.4). 

The larger the stiffness, the lower the deflec- 
tion of the press. Consequently, the variations in 
part dimensions due to changes in incoming 
blank thicknesses are smaller in a stiffer press. 

Stiffness influences the velocity/time curve 
and press shutheight under load. The actual ve- 
locity/time profile under load will deviate con- 
siderably from the theoretical profile (or the 

unloaded profile). As a result, the press shut- 
height is changed and contact time under pres- 
sure ( f ,  is affected. In a stiffer press, the shut- 
height deviation and contact time under pressure 
are smaller than those of a “soft” press (Fig. 

The angular deflection, caused by either the 
eccentric loading or the frame’s asymmetry 
(i.e., gap-frame), causes tilting of the slide. If a 
die cushion is used in a forming process, as 
shown in Fig. 9.8, it is also affected by the slide 
tilt. This causes nonuniform blank holding pres- 
sure, which may result in variations in metal 
flow, wrinkling, and maximum draw depth. 
These effects can be reduced with (1) proper die 
guide design and (2) a press with higher angular 
stiffness (Ref 9.10, 9.11). 

Measuring Press Stiffness. The stiffness of a 
press can be measured under static and dynamic 
loading conditions. Measuring static stiffness 
has been standardized by DIN 55 189, as shown 
in Fig. 9.9. To measure the vertical stiffness 
(C), a load (L) is applied by means of a hydrau- 
lic cylinder at the center of the press. The dis- 
placement is measured using a linear variable 
differential transformer or laser sensors. Simi- 
larly, to measure the angular stiffness (C,), a 
load is applied at a distance from the center of 
the press, and the angular deflection (a) is cal- 
culated from the difference of the height mea- 
surements (Ref 9.9, 9.13). 

Static stiffness measurement does not give 
information about how the press will behave 
under real production conditions. Therefore, the 
concept of dynamic stiffness has been proposed, 
where the load is generated by the press itself. 
Dynamic stiffness can be measured by either of 
two methods (Ref 9.17, 9.18): Evaluation of 

9.7). 

(a) (bJ { C )  

Fig. 9.6 A straight-side press (a) in unloaded condition, (b) under vertical deflection, and (c) under angular deflection. Source: 
Ref 9.9 
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press stiffness measuring the maximum deflec- 
tion during upsetting, or real-time measurement 
of press deflection. In the former method, ex- 
plained by Douglas and Altan (Ref 9.17), elec- 
trolytic copper samples of the same height but 

Stroke displacement > Time 

Stroke displacement 
A 

f P l  BDC tpz 

(b) 

Fig. 9.7 Effect of press stiffness on contact time. (a) Stiffer 
press. (b) Less stiff press. As the load builds and the 

press deflects elastically, a stiffer press requires less time, tp,, for 
pressure buildup and also less time, tp2, for pressure release. 
Consequently, the total contact time under pressure (tp = tp, + 
tp2) is less for a stiffer press. BDC, bottom dead center; L,, and 
L,,, loads; S, pressure release displacement time; S,,, theoretical 
displacement time 

I 

Fig. 9.8 Effect of slide tilting on die cushion. Reprinted with 
permission from Ref 9.10 

different diameters are used. Since the diameter 
is changed, the upsetting forces change. In order 
to measure the deflection, lead samples slightly 
shorter than copper are placed some distance 
away from copper billet, as shown in Fig. 
9.10(a). Differences in the dimensions of lead 
bars and press load are then plotted, and the 
slope of this curve determines the dynamic stiff- 
ness of the press (Fig. 9.10b). 

With recent advances in sensor and data ac- 
quisition techniques, it is possible to track the 
deflection of a press in real time. Using special 
dies, some including wedges to create horizontal 
force components, several loading cases (among 
them concentric, eccentric, and horizontal loads) 
can be emulated. The measurements can be per- 
formed by laser sensors, as shown in Fig. 9.11 
(Ref 9.18, 9.19). 

Fig. 9.12 compares the static and dynamic 
stiffness of a mechanical forging press. In this 
particular case, the press and its frame are stiffer 
under dynamic conditions (Ref 9.6). 

It is also possible to estimate the stiffness of 
a press using finite element analysis. Many 
press builders are optimizing the design of their 
frame and drive components using finite ele- 
ment analyses (Ref 9.20). 

Other Press Accuracy Factors 

Frame Type and Material. Design of the 
frame affects the stiffness. When stiffness is 
concerned, the frame types can be classified as 
(see Fig. 9.4, 9.5): 

gap-frame presses 

straight-side presses 
tie-rod frame presses 

gap-frame presses with stay rod 

Crown 

Hydraulic 
cylinders 

Fig. 9.9 Measurement setup as defined by DIN 55 189 
to determine static vertical stiffness. Adapted from 

Ref 9.12 
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Total press deflection, in 

(4 (bl 

Fig. 9.1 0 (a) Test setup for determining dynamic stiffness; (b) dynamic stiffness measurement for a 500-ton press. Recreated after 
Ref 9.1 7 
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Laser 

Laser 
Press table 

E 
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E 
E 
E 

. 
m 

Y 

Time of effective stroke, s 

Fig. 9.1 1 (a) Real-time deflection measurement system; (b) real-time measurement of load, moment and tilting of the press. Re- 
printed with permission from Ref 9.1 9 

In gap-frame presses, the deflection (also 
called gap opening) depends on the position of 
the center of loading. If this is closer to the front 
end, the moment it creates will be higher and 
will result in higher deflection. When properly 

engineered, a stay rod (or bridge frame) could 
reduce the deflection of a gap-frame press by up 
to 60% (Ref 9.7, 9.21). 

In straight-side presses, tie rods make the 
press stiffer up to the rated press capacity. The 
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prestress on the tie rod keeps crown and upright 
together. In the event of overloading (i.e., if the 
forming loads exceeds the rated press capacity), 
these may separate from each other (Ref 9.22). 

Originally, presses had cast iron frames. Ow- 
ing to progress in welding technology, today 
most press frames are made of fabricated steel 
plates welded together. Cast iron or cast steel is 
still favored in (a) small presses (up to 300 tons 
and mostly gap-frame), since it is easier to fab- 
ricate and machine one-piece frames, and (b) 
high-speed presses, because cast iron frames of- 
fer high damping capacity. However, due to the 
low elastic modulus and low strength of cast 
iron, larger cross sections are required in order 
to ensure high press stiffness. In addition, the 
high cost of the patterns for casting makes cast 
frames not cost-effective for small lot produc- 
tion (Ref 9.1, 9.23). 

Welded steel frames have the advantage of 
higher elastic modulus and strength, and smaller 
cross sections and lighter frames are therefore 
possible with them. Since no pattern is needed 
(as in the casting process), these frames are 
more practical when building presses in small 
quantities. However, steel constructions have 
poor shock absorption, and stress-relieving heat 
treatment is required after welding. Compound 
designs in which welded steel and cast compo- 
nents are used together are also common (Ref 
9.1, 9.15, 9.23). 

Cib Design. The slide is guided in the press 
frame. In the case of off-center loads, the slide 
is supported by the gibs. Design of the gibs and 

C - 

Elastic deformation, f, in 

Fig. 9.1 2 Elastic deflection of a mechanical forging press: 
1, frame deflection; 2, total deflection. Reprinted 

with permission from Ref 9.6 

the clearances in the gibs are important in order 
to ensure that the slide face is parallel to the 
bolster. Figure 9.13 shows some of the common 
gib designs used in presses. Some designs are 
able to hold eccentric loads in both directions 
(i.e., right to left and front to back) (Ref 9.1). 

In mechanical presses, the motion of the crank 
causes additional horizontal forces that have to 
be controlled by the gibs. One method to reduce 
the effect of these forces is to employ plunger 
guides, as depicted in Fig. 9.14 (Ref 9.24). 

Bending of Bolster. The frame of the press is 
responsible for 30 to 35% of the total elastic 
deflection. About 20 to 25% of the frame deflec- 
tion is caused by bending of the bolster (Ref 
9.10). Figure 9.15(a) shows how the bolster may 
bend under load. Several studies have shown 
that, especially for large forming dies, where a 
high load (3,000-12,000 kN) is required, the 
bolster may bend with a deflection of up to 0.6 
mm, as shown in Fig. 9.15(a) (Ref 9.10, 9.25). 
A recent study at Volkswagen also showed that 
even at 50% of rated capacity, the bolster exhib- 
ited about 0.5 mm (0.02 in.) deflection. Under a 
20% off-center loading, with 30% load of rated 
capacity, the deflection was about 0.3 mm (0.01 
in.), as shown in Fig. 9.15(b) (Ref 9.25). 

Possible ways to avoid the effect of bolster 
bending are (a) cambering the tools to compen- 
sate for the bending effect (Ref 9.25), (b) add- 
ing another steel bolster and/or a die post (Ref 
9.9), and (c) adding a special pressure pad al- 
lowing the pressure can be set to different val- 
ues at different locations, as shown in Fig. 9.16 
(Ref 9.10). 

Press Speed (Strokes per Minute). Presses 
may operate anywhere from a few strokes per 
minute to several thousand strokes per minute 
depending on the application. Because of dy- 
namic effects in drive, gibs, and frame deflec- 
tion, as the speed of operation increases, the vi- 
bration of the press increases as well. Such 
vibration may affect the accuracy obtainable in 
the press since vibrations may cause a change in 
the location of bottom dead center, BDC (shut- 
height) or the alignment of the slide due to tilt- 
ing. As the speed of the press increases, all these 
effects increase (Ref 9.2 1). Many high-speed 
presses have cast frames and components in or- 
der to benefit from the damping capabilities of 
cast steel (Ref 9.23). 

Off-Center Loading. Often stamping presses 
are subject to off-center loading conditions dur- 
ing operation. The most common off-center 
loading conditions are described as follows. 
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Eight-track gib Eight-track gib 
for high eccentric for high eccentric Ball joint grb 
loads in the 
x-  and y-direction y-direction 

loads in the 
Column gin 

Fig. 9.1 3 Different gib configurations used in presses. Reprinted with permission from Ref 9.1 

(a) With plunger guide (b) Without plunger guide 

Fig. 9.1 4 Plunger guide design to reduce the horizontal forces caused by the crank motion. Reprinted with permission from Ref 
9.24 

Asymmetric Deformation in Single Opera- 
tions. When forming nonsymmetric parts, the 
net forming force may not be aligned with the 
center of the press. Thus, off-center loading will 
create a tipping moment, which may cause slide 
tilting and affect the final part tolerances. This 
problem is also encountered in the forming of 
tailor-welded blanks. 

Out-of-Parallel Movement. One of the accu- 
racy characteristics under unloaded conditions 
is the parallelism between bolster and slide face 
and perpendicularity of slide motion. If these 
parameters are not corrected by gib adjust- 
ments, the slide/bolster parallelism will become 

less accurate when off-center loads are present 
(Ref 9.26). 

Transfer or Progressive Die Forming. Auto ~ 

motive parts requiring a series of operations are 
commonly formed under a transfer press or with 
the use of progressive dies under a large press 
with multiple forming stations. These steps may 
include bending, shearing, forming, and em- 
bossing, among others, which require different 
loads with respect to stroke position. In progres- 
sive die forming, the center of load often does 
not coincide with the center of the press and 
will not be stationary during production. 

Figure 9.17 is from a study in which the 
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(a) (b) 

Fig. 9.1 5 Bending of bolster: (a) schematic; (b) experimental measurements. Reprinted with permission from Ref 9.25 

Fig. 9.1 6 Compensating the bolster bending: (a) measure the deflection; (b) apply pressure pad to compensate for the deflection. 
Reprinted with permission from Ref 9.1 0 

forces in a progressive die are measured in each 
forming station. A blank is notched in the first 
station and the load is measured; then the cutoff 
is applied and the load is measured and plotted. 
As seen in Fig. 9.17(b), the load decomposes 
unevenly, causing off-center loads (Ref 9.27). 

Snap-through. In blanking and shearing op- 
erations, “snap-through” can worsen the out- 
of-parallel movement of a press or change the 
BDC position of the press. In blanking opera- 
tions, the press load is built gradually and elasti- 
cally deflects the press and the tools. When the 
force generated is enough to fracture the part, 
the sudden release of stored elastic energy 
causes the press to generate reverse loads, as 
depicted in Fig. 9.18(a). During this stage (known 
as “snap-through”), the press components de- 
signed to have tensile stresses will be in com- 
pression. Figure 9.18(b) shows how elastic de- 

flections due to load and snap-through alter the 
motion of the slide (Ref 9.28, 9.29). 

As shown in Fig. 9.19, in the case of snap- 
through occurring under off-center conditions, 
tipping of the slide will be further increased. 
This can affect other stations of the die and 
cause localized wear in punches (Ref 9.24). 

9.3 Quick Die Change Systems 

Die change in sheet metal forming press may 
take hours or even shifts, if it is done manually 
without using special quick die-changing mech- 
anisms. However, today, following advances in 
material handling technology, most stamping 
companies have quick die-changing systems to 
reduce downtime when starting to form a new 
part. 



140 / Sheet Metal Forming-Fundamentals 

Door knob product 

Crank angle, degrees 

(b) 

Fig. 9.1 7 Progressive die forming: (a) schematic of the stations; (b) load required by each station as a function of crank angle. 
Reprinted with permission from Ref 9.27 
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Fig. 9.1 8 Snap-through. (a) Load-time curve for typical blanking operation. Source: Ref 28. (b) Effect of snap-through to press 
motion. Recreated after Ref 9.29 

A typical die-changing operation may include 
the following steps: (1) unclamping and (2) 
moving out the old die, (3) moving in and (4) 
centering the new die with respect to the press 
bed, (5) clamping the new die, and (6) setting 
the press (i.e., stroke, shutheight, counterbal- 
ance pressure). To speed up the die-changing 

process, automation is required in the clamping 
and moving of dies (Ref 9.31). A typical setup 
for a small press is illustrated in Fig. 9.20. 

Conventionally, the clamping of the lower die 
to the bolster and of the upper die to the slide 
face is done manually by springs, boltdnuts, 
toggle levers, and/or wedges. Automated clamps 
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Fig. 9.1 9 Snap-through on a multistation die with off-center loads. Reprinted with permission from Ref 9.30 

can be electric, magnetic, or hydraulic. Differ- 
ent clamps are used for the upper and lower 
dies, since the lower dies are pushed horizon- 
tally over the bolster, whereas the slide is low- 
ered vertically onto the upper die. Fig. 9.21 il- 
lustrates some automated clamps. 

After unclamping, die lifters and die rollers 
are used to move out the old die. These units are 
placed in U- or T-channels in the bolster. Die 
lifters may be hydraulic, pneumatic, or mechan- 
ical. To take the die out of the press area, bolster 
extensions (also called prerollers) may be re- 
quired. Depending on the die weight, there are 
several options for die lifters and bolster exten- 
sions (Ref 9.31). 

When dies are to be changed in large presses, 
rolling mechanisms may not be adequate to 
handle the large weights of the dies. For large 
transfer presses, die carts or moving bolsters are 
common. These are used to move the dies out of 
the press area so that an overhead crane or fork- 

Fig. 9.20 
lift can be used. To utilize moving bolsters, the 
press table should be at ground level. When the Quick die change system installed on a small gap 

frame press. Source: Ref 9.32 
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Fig. 9.21 Automated clamps: (a) electromechanical swivel and pull type, (b) electromechanical swing type, (c) hydraulic nut type, 
(d and e) hydraulic ledge type. Source: Ref 9.33, 9.34 

production has to be shifted, dies and part spe- 
cific transfer devices (grippers, etc.) are moved 
out of the press, still clamped to the first bolster. 
New dies and transfer equipment are clamped to 
the second bolster and moved into the press 
area. Die carts are another option for transfer 
presses that can be retrofitted to existing trans- 
fer press lines. 
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CHAPTER 10 

Mechanical Presses 
Thomas Yelich, Honda 
Eren Billur, The Ohio State University 

MECHANICAL PRESSES use a flywheel to 
store energy and a slider-crank mechanism to 
convert rotational motion to reciprocating linear 
motion. Due to the slider-crank design, these 
presses are stroke limited; that is, the bottom 
dead center (l3DC) position is essentially defined 
by the crank and pitman arm geometry. Because 
of their high stroking rate and low energy con- 
sumption, mechanical presses are the most com- 
mon presses used in batch/mass production of 
sheet metal parts. The rated capacity (tonnage) 
of a mechanical press is not available throughout 
the stroke, only in a limited portion of it. There- 
fore, a good understanding of these presses is es- 
sential in order to utilize them efficiently and 
avoid costly mistakes in press setup and use, such 
as overloading the press or the dies (Ref 10.1). 

10.1 Mechanical Press Designs 

The main components of a press were de- 
scribed in Chapter 9,  “Principles of Sheet Form- 
ing Presses,” in this book. The main difference 
between a hydraulic and mechanical press is the 
drive mechanism (see Fig. 9.2). A mechanical 
press dnve consists of an electric motor, a fly- 
wheel, a clutch/brake, a drive shaft, a connec- 
tion (also called a pitman arm or connecting 
rod), and a slide (ram) guided by the gibs (Fig. 
10.1). Depending on the design, a press may 
have gear set(s) to reduce the speed and increase 
the torque (Ref 10.2, 10.3, 10.4). 

Drive Types 

Depending on the application, a mechanical 
press may have a simple or complex drive sys- 

tem with the following common components 
(Ref 10.1) : 

An electric motor that drives the flywheel 
continuously to store energy 
A slide that moves (press stroke) when the 
clutch is engaged and the brake is disen- 
gaged, thus transmitting torque to the crank- 
shaft through the clutch 
A slider-crank mechanism that translates the 
rotational motion of the crankshaft into the 
linear motion of the slide. 

Mechanical press dnves can be classified into 
two types: simple drives and extended drives 
(Fig. 10.2). Cam-driven presses constitute a third 
type, but they are not widely used. 

Crank and eccentric drive presses are the 
most commonly used mechanical presses in the 
industry. Extended drives are designed either to 

Connection 

Brake 

Flywheel 

Frame 

Fig. 10.1 Schematic of a mechanical press with the major 
components labeled. Source: Ref 10.2, 10.3 
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Presses with simple drive 

change the slide velocity (link drive presses) or 
to generate high press forces with small ram 
displacements (knuckle joint and toggle presses) 
(Ref 10.1). 

Simple Drive Presses. The simplest drive of 
a mechanical press is the crank drive (some- 
times called direct crank drive). This drive of- 
fers a fixed total stroke (2r, where r is the crank 
radius) and has a sinusoidal stroke-time charac- 
teristic as shown in Fig. 10.3(a). This velocity 
profile causes high speeds during most of the 
slide stroke and a decrease in the slide speed 
during the forming process. 

Simple crank drives are modified either to al- 
ter the stroke-time characteristics or make the 
total stroke adjustable. One of these modifica- 
tions uses noncircular gears (Fig. 10.3b). This is 
a relatively new technology that was patented in 
2001 (Ref 10.5) and has been successfully ap- 
plied to tailor the slide motion of crank presses 

Presses with extended drive 

Fig. 

Crank 

(Ref 10.3, 10.6). However, in the stamping in- 
dustry, extended drive presses are more com- 
mon for the purpose of changing the stroke-time 
profile. 

Another modification to the simple crank 
drive is used in eccentric presses. In some 
small- and medium-size presses, the stroke can 
be by changing the eccentricity between the 
center of the connecting rod (0,) and the axis of 
rotation (0,) (Fig. 10.4). This is achieved by us- 
ing two interactive eccentrics: shaft and bush- 
ing. Stroke (s) can be calculated from total ec- 
centricity ( R )  as (Ref 10.3): 

Eccentric Link Knuckle joint Toggle 

s=2R Eq 10.1 

where (R)  is a function of the eccentricity of the 
shaft (4, the eccentricity of the bushing (e),  and 
the position of the bushing with respect to the 

10.2 Common drive types of mechanical presses. Adapted from Ref 10.1 

Stroke 

(a) 

Fig. 10.3 (a) Simple crank drive, (b) slide motion can be changed with noncircular gears. Adapted from Ref 10.3 
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shaft. So the limits of stroke adjustment are de- 
fined by the position of bushing, as shown in 
Fig. 10.4: 

s,, =2R,,” = 2 ( r - e )  Eq 10.2 

s,, =2R,= = 2 ( r + e )  Eq 10.3 

When the stroke of a press is changed, the 
slide velocity, the shutheight, and the force- 
stroke diagram of the press change, whereas the 
available energy does not change. These points 
are further explained in the section “10.3 Other 
Features of Mechanical Presses” in this chapter. 

Extended Drive Presses. Link drives are de- 
signed to change the stroke-time characteristics. 
Deep drawing is one of the operations that re- 
quire modfication of the slide speed. For ob- 
taining good-quality parts in stamping, the slide 
velocity should be kept around 0.2 to 0.5 m/sec 
(0.7 to 1.6 ft/sec), depending on the material 
and complexity of the final geometry (Ref 10.7). 
It is also desirable to have a long work stroke 
and a constant velocity during deformation (Ref 

It is possible to control the speed of a press by 
means of frequency converters so that the slide 
velocity does not exceed the desired value. How- 
ever, this method of control will affect the pro- 
duction rate (parts per minute) and may drasti- 
cally reduce the energy available per stroke. In a 
crank (or eccentric) press, it is not possible to 
have a constant slide speed. Moreover, in a crank 
press, if the stroke length is increased, the slide 

10.1, 10.9). 

velocity will increase (for constant strokes per 
minute). 

Several “deep drawing presses” are designed 
to control the slide velocity during deformation. 
A common mechanical press design is the link 
press (Fig. 10.5b). As shown in Fig. 10.6, link 
drive presses have an almost constant slide ve- 
locity during deformation, and the velocity is 
lower than that of a crank press. The reduced 
velocity of the slide with respect to the crank 
angle allows longer deformation strokes and/or 
more strokes per minute with the same defor- 
mation speed. 

Another commonly used extended drive is 
the “knuckle joint” drive, as shown in Fig. 
10.5(c). In a knuckle joint press, the motion of 
the crank is transmitted through a knuckle joint 
to the slide. This drive is useful for coining and 
squeezing operations, since it has lower slide 
speed during deformation (Fig. 10.6) and three 
to four times more press force compared to a 
crank press of the same size. The stroke-time 
curve can be changed by adding a joint. The 
result is called a modified knuckle joint or tog- 
gle drive; it is commonly used for bulk forming 
operations and for driving the blank holder slide 
in double-action presses (see the section “10.2 
Characteristics of Mechanical Presses,” in this 
chapter (Ref 10.7, 10.11). 

Drive Designs 

Mechanical presses can be classified accord- 
ing to their drive designs. In addition to the 
drive types and the number of useful slide mo- 

Press at TDC. 
set to  rriinirnum stroke 

Press at TDC. 
set to maximum stroke 

Fig. 10.4 Stroke adjustment in an eccentric press. Adapted from Ref 10.3 
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(4 (b) (c) 

Fig. 10.5 Common drives for mechanical presses: (a) crank press, (b) link drive press, and (c) knuckle joint press. Source: Ref 10.9 
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0 180 
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Fig. 10.6 Comparison of slide motions generated by a crank press, link drive, and knuckle joint press. BDC, bottom dead center. 
Source: Ref 10.1 0 

tions, there are four other drive design parame- 
ters (Ref 10.1, 10.4): 

Gear reduction 
Location of the drive 
Number of connecting rods 
Positioning of the drive shaft 

Gear Reduction. In mechanical presses, the 
energy is stored by flywheel can be calculated 
as: 

Eq 10.4 1 E = - I O I ~  
2 

where l i s  the angular inertia (which is equal to 
%(mass x radiusz) in kg.mz or ton.in.Z), and o) is 
the angular speed (radians per second, rad/s) of 
the flywheel. Therefore, to store more energy in 
a given flywheel, higher angular speeds are re- 
quired. On the other hand, very high flywheel 

speeds are rendered impractical by the capacity 
of the clutch and/or the brake. Depending on the 
energy per stroke and the strokes per minute re- 
quired by the process, gear reductions may be 
required (Ref 10.7). 

Direct drive presses (Fig. 10.7a) are used for 
single-station blanking and high-speed stamp- 
ing of shallow parts. Since there is no gear re- 
duction, these presses can operate relatively 
fast: anywhere from 90 to 1,000 strokes per 
minute (SPM). This design also lowers the man- 
ufacturing and maintenance costs, because there 
are fewer parts subject to wear. However, direct 
drive presses have limited energy per stroke. 

To increase energy per stroke, gear reduc- 
tions are used. With single gear reduction, press 
speeds of 35 to 150 SPM are common. These 
presses have more energy per stroke and are 
therefore more suitable for drawing and form- 
ing operations. If a press has a wide slide, which 
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Fig. 10.7 (a) Direct drive (nongeared), (b) single gear reduction-single end drive, (c) single gear reduction-twin end drive, and (d) 
double gear reduction. 

requires two connecting rods per driveshaft, as 
shown in Fig. 10.7(b), then single-end drive 
may result with angular misalignment in the 
shaft. This will cause ram tipping even in the 
absence of an eccentric load. Twin-end drives 
are therefore recommended for presses that do 
heavy work (Fig. 1 0 . 7 ~ ) .  Large transfer presses, 
which are used for heavy forming operations, 
usually employ a double gear reduction (Fig. 
10.7d). These presses operate at 8 to 30 SPM 
(Ref 10.12). 

Location of Drive. Most presses are top- 
drive presses: the drive mechanism is above the 
slide and pushes the slide down to perform the 
forming operation. There are also bottom-drive 
(also known as underdrive) presses, in which the 
drive mechanism is under the bed and the con- 
necting rods are within or alongside the press 
uprights. The main advantages of this design, 
compared to top-drive presses, are that (a) a 
lighter frame can be used, since the frame is only 
guiding the slide and housing the control and 
auxiliary systems, (b) no tie-rods are required, 
and (c) presses can be installed in places with 
limited ceiling height. However, these presses 
require deeper foundations (Ref 10.2, 10.12, 
10.13). 

Number of Connecting Rods. In mechani- 
cal presses, the force is transmitted to the slide 
by connecting rods. When the slide/bolster area 
is large and/or high eccentric loads are expected, 
single connecting rods may not be sufficient to 
maintain the parallelism between the slide and 
the bolster (Ref 10.7). Common designs are the 
single-point, double-point, and four-point de- 
signs, as shown in Fig. 10.8. 

Positioning of Drive Shaft(s). A single-point 
press has one drive shaft (crankshaft) and a 
four-point press has two of them. However, a 

double-point press may have either one or two 
drive shafts, depending on the location(s) of the 
shaft(s). They may lay either left to right (longi- 
tudinal) or front to back (transverse or cross), as 
shown in Fig. 10.8. For single- and double-point 
presses, both designs are common; four point 
presses generally have transverse drive shafts 
(Ref 10.1). 

In double-drive-shaft presses, to avoid the 
lateral forces, shafts have to be rotated in direc- 
tions opposite to each other (Ref 10.1, 10.6). 

Number of Slide Motions 
A press may have one or more slides, de- 

pending on the design. Single-action presses 
have only one slide and therefore can create one 
motion and apply one force. However, in some 
applications, such as deep drawing, a blank 
holder force is required in addition to the punch 
force. In a single-action press, it is possible to 
equip the dies with springs, air or hydraulic cyl- 
inders, or high-pressure nitrogen cylinders to 
apply the blank holder force. The other two op- 
tions are (a) to use a die cushion in a single- 
action press (see Chapter 13, “Cushion Systems 
for Sheet Metal Forming,” in this book) or (b) 
to use a double action press (Fig. 10.9) (Ref 
10.7). 

A double-action press has two slides: (1) an 
inner slide or drawing slide and (2) an outer slide 
or blank holder slide. The drive for the inner 
slide can be actuated by either simple crank or 
link drive. The outer slide may have either a cam 
(in early designs) or a toggle drive (Ref 10.7). In 
double-slide presses, even a very small (-0.1 
mm (0.004 in)) difference in shutheight may 
cause an increase in blank holder force of 50 tons 
or more in a large press (Ref 10.15). Figure 10.10 
shows the motions of both slides (Ref 10.15). 
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Longitudinal 

Top drive 

Transverse 

Top drive Bottom drive 

Fig. 10.8 Classification of presses with respect to: (1) number of connecting rods, (2) positioning of drive shaft($ and (3)  location 
of drive. Adapted from Ref 10.1 3 

For complex drawing operations where re- 
verse drawings are also present, a triple-action 
press may be needed. These presses have an ad- 
ditional slide that moves from bottom to top. 
The motion of the third slide can be indepen- 
dent. In triple-action presses some of the slides 
may be actuated with mechanical (crank, link, 
or knuckle joint) drives or hydraulic drives. 

With advances in hydraulic control technol- 
ogy, a single-action press with computer numeri- 
cal control (CNC) hydraulic cushions (Fig. 10.9b) 
can now outperform a double-action press. This 
design has the following advantages: (a) the 
blank holder force can be controlled with time, 
(b) if a multipoint cushion (MPC) system is em- 
ployed, blank holder pressure can be changed 
with location and time, and (3) these presses can 
be less costly than a double-action press (Ref 

10.16). Die cushions are discussed in detail in 
Chapter 13, “Cushion Systems for Sheet Metal 
Forming,” in this book. 

10.2 Characteristics of Mechanical 
Presses 

Load and Energy Requirements. A me- 
chanical press has a slider-crank mechanism, 
shown schematically in Fig. 10.11 (a). 

Useful machine (press) load (L) can be cal- 
culated from the clutch torque (M. L, causes a 
compressive force, P, on the connecting rod, ac- 
cording to: 

p=-  Lh4 
cos p Eq 10.5 
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Press crown 

Slide ( tmk)  drive 

Fig. 10.9 Deep drawing operation in (a) double-action press and (b) single-action press with die cushion. Source: Ref 10.7 
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Crank angle, deg 

Fig. 10.1 0 Slide motions of a double action press. Source: Ref 10.1 5 

This force, P, acts on the crank and has two 
components: tangential force (F,) and radial 
force (&). The tangential force can be calcu- 

tion of clutch torque ( M ) ,  crank radius (4, and 
crank angle (a): 

lated from the moment equation as follows: M cosp 
L ,  =- 

l b  r sin(w+p) 
Eq 10.8 

IV1 F, =- 
r 

FT is also given by: 

F, =Psin(w+p)  

Eq 10.6 
Generally, the connecting rod length (1) is 4 to 
15 times larger than crank radius (4. This al- 
lows the assumptions cos p K l and sin(a + p) K 
sin(a). Then Eq 10.8 simplifies to: Eq 10.7 

Eq 10.5, 10.6, and 10.7 are combined to find the - M 1  
useful press (or machine) load, (LM) ,  as a func- - r sin(w) 

Eq 10.9 
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Accordmg to this equation, as angle a goes to 0” 
or to 180” (i.e., at top dead center (TDC) and 
BDC), the available load increases without limit. 
These equations show the load applicable by the 
mechanism. However, press components and 

frame are designed for a “maximum permissible 
load” or nominal press capacity (in tons or kN). 
This is the load available in a mechanical press at 
a defined crank angle before BDC (aN design 
angle), commonly 30” (point B in Fig. 10.12). 

Fig. 10.1 1 (a) Schematic of a mechanical (crank or eccentric) press. Source: Ref 10.1 7. (b) Free body diagram of the drive. BDC, 
bottom dead center; TDC, top dead center. Source: Ref 10.1 8 
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Fig. 10.1 2 Nominal load as a function of crank angle. BDC, bottom dead center; TDC, top dead center. 
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In a mechanical press, if the load required by 
the forming process is smaller than the 
available load (i.e., curve KLM in Fig. 10.12 
remains below curve ABC), the process can 
be carried out, provided that the flywheel 
can supply the necessary energy per stroke. 
If the required load (KLM) exceeds the 
available load (ABC) before point B, then 
the friction clutch slides and the press slide 
stops before BDC and the flywheel contin- 
ues to turn. In this case, the press can be 
freed by increasing the air (or hydraulic) 
pressure on the clutch and reversing the fly- 
wheel rotation. 
For small crank angles before BDC (the BC 
portion of ABC), the slide load can become 
larger than the nominal press load if no 
overload safety device is available. In this 
case, if the press stalls, the flywheel stops 
and the entire energy of the flywheel is 
transformed into deflection energy by strain- 
ing the frame and drive mechanism. Usually 
the press can be freed only by burning out 
the tooling. 

In addition to available machine load (LM), it 
is important to consider the energy required by 
the process (E,) and the energy available per 
stroke from the press (EM). The energy in a me- 
chanical press is stored in the flywheel accord- 
ing to: 

Estored =-Iw’ 1 = i I [ E ) ’  
2 2 30 

Eq 10.10 

where o) is the angular velocity in rads and I is 
the moment of inertia of the flywheel in kgm2 
or ton.in.2. Depending on the unit system, the 
energy can be given in J (kJ) or ton.in. To sim- 
plify Eq 10.10, angular velocity can be entered 
as n in rpm. Eq 10.10 gives the total energy 
stored in flywheel rotation. Energy available per 
stroke (EM) can be calculated as: 

(n0-n1)’ Eq 10.11 

where coo is the flywheel’s initial angular veloc- 
ity, o), is its angular velocity after deformation in 
rads ,  and no and n, are the corresponding values 
in rpm. In continuous operations, a flywheel 
slowdown of 13 to 20% can be permissible; 
therefore, in one stroke a maximum of 25 to 35% 
of the flywheel energy can be consumed (Ref 
10.7). 

In intermittent (start-stop) operations, much 
more energy per stroke can be consumed, pro- 
vided that the press will not be operated until 
the flywheel recovers its initial speed. Douglas 
and Altan (Ref 10.19) investigated a 500-ton 
mechanical forging press by upsetting copper 
samples with different diameters. As the diam- 
eter got larger, the energy consumed per stroke 
increased. They measured the time elapsed for 
the flywheel to recover its initial speed. This 
measurement could then be converted to maxi- 
mum strokes per minute, as shown in Fig. 10.13. 

Time-Dependent Characteristics of Presses. 
The movement of mechanical presses is charac- 

20’ I I I I I I I I I 

0 20 40 60 80 100 120 140 160 180 200 
Energy Per Stroke (inch4ons) 

Fig. 10.1 3 Maximum strokes per minute versus energy available in a 500 ton mechanical press. BDC, bottom dead center; TDC, 
top dead center. Source: Ref 10.1 9 
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terized by slide velocity and the number of 
strokes per minute. 

Slide Position (h) and Slide Verocify (v): For 
a given crank angle (a), the distance h from 
BDC can be estimated from: 

Eq 10.12 S 
2 

h E r (1 -cos a )  =-(I - cos a )  

where the eccentricity of the crank (3 or the 
stroke length (5) is also required. Slide velocity, 
I/; can be determined by differentiation with re- 
spect to time: 

Eq 10.13 

where o is the angular speed of crank in radls 
and n is the corresponding value in revolution 
per minute (rpm). However, these values are cal- 
culated under unloaded conditions (Fig. 10.14a) ; 
loading on the press may reduce the slide speed 
as shown in Fig. 10.14(b). 

Number of Strokesper Minute (.): This value 
determines the production rate. n may be gov- 
erned by crank idle speed or adjusted for energy 
requirements per stroke (Fig. 10.14) and mate- 
rial handling system. 

Dimensional Accuracy of Mechanical 
Presses. The accuracy of a press depends on 
stiffness (as described in detail in the chapter 
“Principles of Sheet Forming Presses” in this 
volume). For a mechanical press, the stiffness 
depends on the design factors: 

Number of connecting rods 
Frame type. 

Rau (Ref 10.20) investigated two mechanical 
presses at the same rated capacity. Assuming the 
total deflection in a single connecting rod press 
as loo%, the two-point mechanical press had 
15% less deflection (Table 10.1). Total deflection 
depends on design characteristics of a press, and 
sometimes a well-designed single-point mechan- 
ical press may outperform a two-point one. Fig. 
10.15 summarizes stiffness data obtained from a 
total of 24 different presses, where one-point, 
two-point, and four-point mechanical presses are 
compared to bottom-knuckle joint drives and 
top-knuckle joint drives. 

Four-point mechanical presses have a larger 
angular stiffness than other kind of mechanical 
presses. Some two-point presses may be verti- 
cally stiffer than four-point presses (Ref 10.21). 
The number of connecting rods has a significant 
effect on angular stiffness, which affects the tilt- 
ing of the ram, as shown in Fig. 10.16. 

Drive type, orientation, and position 

Table 10.1 
deflection by various press components 

Contribution to vertical press 

Deflection (YO) 

One-point Two-point 
mechanical Dress mechanical Dress 

Slide + connecting rod 30 21 

Drive shaft + bearings 37 33 
Frame 33 31 

Total deflection 100 85 

Source: Ref 10.20 

Fig. 10.1 4 (a) Velocity and displacement of slide during a half stroke; (b) velocity profile of a crank press under load (coining) 
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Fig. 10.1 5 Vertical stiffness (C)  of one-point (1 p Mech), two-point (2p Mech), and four-point (4p Mech) mechanical presses, bot- 
tom knuckle joint (KJ bottom) drives, and top-knuckle joint (KJ top) drives. Source: Ref 10.21 
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Fig. 10.1 6 Angular stiffness (C,) of one-point (1 p Mech), two-point (2p Mech), and four-point (4p Mech) mechanical presses, 
bottom knuckle joint (KJ bottom) drives, and top-knuckle joint (KJ top) drives. Source: Ref 10.21 

10.3 Other Features of Mechanical 
Presses 

press. As a result of this characteristic, mechani- 
cal presses are susceptible to overloading. Over- 
loading can be caused by a process requiring 

Overload Protection. As shown in Fig. more tonnage than rated press capacity or by 
inappropriate setup of the press. A properly de- 
signed die may cause overload if (a) press 

10.12, a constant-clutch torque can generate a 
large amount of ram force in a mechanical 
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shutheight is lowered, (b) foreign materials are 
present in the die, (c) workpiece is buckled or 
misfed, (d) die is worn out or have excessive 
galling, or (e) workpiece hardness or thickness 
changes. 

Press components are designed to withstand 
the nominal press force (rated capacity). To 
avoid any damage to bearings, gears, clutch, 
frame, and other components, a press should not 
be loaded with more than the nominal load ca- 
pacity of the press as specified by the press 
manufacturer. While the slide is approaching 
the BDC, the force starts to build up and even- 
tually may reach the rated capacity before it 
travels to the BDC. If no precaution is taken, the 
press may not complete its stroke and may be 
“stuck” at the bottom of the stroke. At this point 
the total flywheel energy is consumed to deform 
the part and to elastically expand the press 
structure. Since the force buildup happens in 
fraction of a second, braking the press is not a 
solution. Therefore special systems are designed 
that (a) do not allow the slide to apply more 
than a preset tonnage, and (b) allow the slide to 
move 1/15 to 1/10 of the total stroke while the 
slide force is relieved. 

The two most common overload protection 
designs are illustrated in Fig. 10.17. Mechanical 
overload protection systems are still found in 
low-tonnage presses (up to 1000 kN). These 
employ a brittle shear plate which needs about 
130% rated capacity to break. When shear plate 
is broken, the slide has some free distance (so in 
Fig. 10.17a), so that it can complete the stroke. 
After each incident of overload, shear plate has 
to be replaced with a new one 

Hydraulic overload protection devices are 
more popular, because (a) the press can be 
started after an overload without changing any 
plates, and (b) the press force can be limited by 
adjusting the hydraulic pressure. In this system, 
an oil pad between the slide and the connecting 
rod is pressurized when the force is building up. 
Oil pressure moves a second piston, which acts 
as an intensifier to the pressurized air. If the 
slide pressure (and therefore the oil pressure) 
passes a threshold value, the oil is drained back 
to the tank. Thus, the force applied is limited 
and some free movement distance is created 
(Ref 10.1, 10.3, 10.22). 

Shutheight Adjustment. The shutheight of a 
press (i.e., distance from bolster to slide surface 
at BDC) can be adjusted in order to accomplish 
any of the following goals: (a) accommodate 
various dies with different heights, (b) compen- 
sate the change in height due to wear, grinding, 
or reworking, (c) accommodate a different work- 
piece thickness, (d) set the maximum forming 
force, or (e) set the shutheight after stroke adjust- 
ment (Ref 10.1, 10.3). 

Shutheight is usually adjusted via screws and 
nuts, driven either manually or by electric mo- 
tors. New presses have electronic sensors (en- 
coders, as shown in Fig. 10.18) and controls 
which enable the adjustment of shutheight with 
0.01 mm (0.0004 in.) accuracy. The design of a 
shutheight adjustment screw may be a ball screw 
(Fig. 10.18a) or an adjustment screw (Fig. 
10.18b) Fig. 10. (Ref 10.3, 10.8). The ball-screw 
adjustment changes the length of the connecting 
rod and therefore may affect the available load to 
be considered (see Fig. 10.11 and Eq 10.8). 

Drive rod 

Connecting rod 

Fig. 10.1 7 Overload protection systems: (a) mechanical (shear plate) overload protection; (b) hydraulic overload protection. 
Adapted from Ref 10.3. 
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Fig. 10.1 8 Shutheight adjustment mechanisms: (a) ball-screw, (b) adjustment screw. Adapted from Ref 10.3 

Clutch/Brake Mechanisms. The clutch is 
engaged to transmit the torque from the flywheel 
to the drive shaft, and the brake is activated to 
stop the press after the clutch is released. When 
the press is operated in single-stroke mode, the 
slide and other drive elements are accelerated to 
working speed within extremely short time peri- 
ods (often 100-300 ms). Conversely, after the 
stroke has been completed, the press has to come 
to a standstill very quickly (Ref 10.7). 

The clutch torque is calculated to ensure that 
the rated capacity (L,) is available at the design 
angle (aN). It can be calculated from: 

If gear reduction is used in the press, then the 
clutch moment can be reduced, as given by the 
gear reduction ratio, enabling a smaller clutch 
to be used. In large transfer presses, clutch 
torque may be as large as 500,000 N.m (368,000 
ft.lb). Clutch and brake may be separate units or 
can be combined. These units may be actuated 
and controlled via high-pressure air (pneumatic) 
or oil (hydraulic). Hydraulic units are more 
popular, since they can accommodate more 
switching frequency (i.e., engagingheleasing) 
and do not wear or create dust from abrasive 
materials (Ref 10.3, 10.7). 

There are also “complete press drives” that 
consist of a flywheel, a clutchhrake, and a plan- 
etary gear set for reduction. These units have less 
angular momentum compared to a system with a 
spur gear set; in consequence, they are can apply 

more energy per stroke. Recently, a switchable 
gearbox has also been integrated into such a sys- 
tem for the purpose of adjusting the number of 
strokes per minute or energy per stroke or modi- 
fying the stroke-time curve (Ref 10.3). 

Slide Counterbalancing. Slide counterbal- 
ances are devices compensating the weight of 
slide and upper die in a mechanical press. Origi- 
nally, mechanical springs were employed for 
this purpose. These are now replaced by pneu- 
matic cylinders (Fig. 10.19a). The counterbal- 
ancing system has two uses under static condi- 
tions: (a) when the slide is being adjusted, the 
weight of slide and the upper die are compen- 
sated by the cylinders, freeing the adjustment 
screw from the load, and (b) as presses may 
creep downward when they are idle for some 
time, a proper counterbalance can reduce the 
creep. However, the main uses are under dy- 
namic conditions. 

When the press slide is retracting (after 
BDC), the weight is suspended by the counter- 
balance mechanism, so that the electric motor 
will replace the lost flywheel energy and it is 
not used to lift the weight of the slide. Thus, 
energy can be saved (Fig. 10.19b). In addition, 
a counterbalance system reduces the impact on 
bearings and gears as well as the braking time. 

Adjustment of pressure in counterbalancing 
cylinders is important in order for the system to 
perform properly. Many press builders supply 
information about “counterbalance cylinder 
pressure versus upper die weight,” but surveys 
show that vast majority of press users do not 
utilize this information. Some presses can store 
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Compressed air t a n k  

Counterbalance pressure psi 
(b) 

Fig. 10.19 Pneumatic slide counterbalancing. (a) Components. Source: Ref 10.7. (b) Effect of pressure setting on energy con- 
sumption for a given 1000 ton press. Source: Ref 10.23 

the settings for a given die, so that whenever the 
die is attached to the press, the controller ad- 
justs the pressure to the preset value for the die. 
There are also automatic counterbalance sys- 
tems that may set the pressure either by sensing 
the weight of the upper die or measuring the 
angular velocity of the flywheel. Complex sys- 
tems may have several strain gages on connect- 
ing rods and be able to set different pressures 
for cylinders, thus helping to reduce out-of- 
parallelism errors (Ref 10.7, 10.23, 10.24, 10.25). 
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CHAPTER 11 

Electromechanical 
Servo-Drive Presses 
Ajay Yadav, Caterpillar Technical Center 
Serhat Kaya and Adam Groseclose, The Ohio State University 

ELECTROMECHANICAL SERVO-DRIVES 
have been used in machine tools for several de- 
cades. Recently, several press builders, mainly 
in Japan and Germany, developed gap and 
straight-sided sheet metal forming presses that 
utilize the mechanical servo-drive technology. 
The mechanical servo-drive press offers the 
flexibility of a hydraulic press (infinite ram 
speed and position control, availability of press 
force at any ram position) with the speed and 
reliability of a mechanical press (Ref 11.1, 
11.2). Thus, this new drive technology has con- 
siderable potential in present and future applica- 
tions in blanking, bending, stamping, and coin- 
ing (Ref 11.3). More than 1000 servo-drive 
presses are already in operation in stamping and 
in automotive plants all over the world. Refer- 
ence 11.4 summarizes the latest developments 
in servo-drive presses. 

In an electric servo motor, the angular posi- 
tion of the output shaft is determined by the du- 
ration of the current pulses provided by the con- 
troller. Thus, the output shaft can be rotated in 
both directions, can be stopped with precision at 
any given angle position, and can change speed 
according to the number of pulses provided per 
second. Modern servo-motor designs can pro- 
vide constant torque over a large range of rota- 
tional speeds (rotations per minute, rpm). In a 
mechanical servo press, the flywheel and the 
clutch are replaced with a servo drive, with or 
without a linkage mechanism, as shown sche- 
matically in Fig. 11.1. 

This drive offers great flexibility and accu- 
racy in controlling the speed and position of the 
press slide. Thus, for a given stamping applica- 
tion, the press operation can be optimized to: 

Increase stroking rate and productivity 
Control the velocity of deformation during 
the forming stage of the stroke, which re- 
sults in reduced friction and heat generation 
as well as improved quality and reduced 
scrap rate 
Reduce impact speed and noise 
Improve edge quality in blanking and shear- 
ing and increase tool life 
Reduce springback and improve part dimen- 
sions by controlling the dwell time at the 
BDC (bottom dead center) of the slide stroke 
Allow assembly and other secondary opera- 
tions in the same press by slowing down or 
stopping the press slide anywhere during the 
slide stroke to allow for additional second- 
ary tool motions 

11 .'I Servo-Press Drives versus 
Conventional Press Drives 

For many years, stampers have known that 
the capability to adjust the ram speed during the 
ram stroke and the stroke length offers improve- 
ments in productivity and part quality (Ref 
11.6). Thus, mechanical presses with linkage 
drives and a hydraulic press that inherently pro- 
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vides a programmable slide stroke have been 
used in many applications. The hydraulic press 
can develop full tonnage at any speed and at any 
point in the stroke. Mechanical press designs 
can have a variety of drive options-such as 
link, screw, knuckle joint, eccentric, or crank- 
and operate with a variable stroking rate. How- 
ever, slide motion versus stroke is fixed by the 
design, although the stroke position and length 
can be adjusted (Ref 11.7). 

As shown in Fig. 11.2, during the press stroke 
of a mechanical press drive, the following posi- 
tions of the ram stroke versus time curve must 
be considered (Ref 11.7, 11.8): 

Die closing or approach from TDC (top dead 
center) until the upper die touches the blank 
Forming process when deformation takes 
place 
Die opening, when the upper die moves 
from BDC toward TDC 

Part transfer in automated operation or part 
removal and blank/perform placement into 
the lower die 

For a high-productivity press operation, die 
closing should be as fast as possible, while the 
forming process must be adapted to the specific 
part or forming operation. During this portion 
of the ram stroke, it may even be desirable to 
have a variation in the ram speed to optimize 
the deformation process. The die opening por- 
tion should be as short as possible to reduce the 
total press cycle without causing any malfunc- 
tion of the auxiliary die motions such as spring 
and cam actuations. Finally, the part transfer 
portion of the press cycle must be adjusted to 
allow sufficient time for part transfer (loading 
and unloading) (Ref 11.8). 

In a servo-drive press, the slide motion can 
be adjusted to “optimize” the press cycle for 
different applications and part transfer require- 

Example 1 Example 2 

(a) (b) 

Fig. 11 .I Schematic of servo-drive press (a) without and (b) with linkage mechanism. Source: Ref 11.5 

Transferlfeed window 

Crank angle 

Fig. 11 -2 Various portions of the slide motion in a typical mechanical press with eccentric or crank shaft drive. TDC, top dead 
center; BDC, bottom dead center. Source: Ref 11.7 
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ments. This is illustrated in Fig. 11.3 (Ref 11.9), 
which compares the press cycle of a servo press 
conceptually with that of a mechanical press. 
The flexible programming of the servo-drive 
press allows the operator to (a) obtain the “most 
suitable” forming velocity for the given mate- 
rial and forming operation, (b) dwell the slide 
anywhere at the desired stroke position, (c) 
carry out secondary operations such as painting, 
punching, or assembly, and (d) provide the nec- 
essary time for part transfer. 

11.2 Servo-Press Drives 

Servo-press drives can be classified into two 
main types: drive systems that use low-torque/ 
high-speed servo motors or high-torque/low- 
speed servo motors. 

Drives with Low-Torque/High-Speed Mo- 
tors. The first-generation servo presses were 
built by using high-speed motors. To generate 
the relatively high forces that are needed in 
metal forming, these designs use belt, linkage, 
and ball screw drives to transform the rotational 
motion into the linear motion of a press slide, as 
shown in Fig. 11.1 and 11.4 (Ref 11.9). 

In the design shown in Fig. 11.4(a), the rota- 
tional motion of the servo motor is transmitted 
to the slide using a timing belt and ball screw. 
The press slide is moved up and down by the 
reciprocating motion of the motor and ball 
screw. The maximum press load is available 

anywhere in the stroke, but it is limited by the 
torque capacity of the servo motor, the diameter 
ratio of the belt drive, and the load-carrying ca- 
pacity of the ball screw. The tilting of the press 
slide is detected by linear sensors and corrected 
by adjusting the motion of each individual mo- 
tor as needed. Thus, it is possible to maintain 
slide/bolster parallelism under off-center load- 
ing of the press. In the linkage design shown in 
Fig. 11.4 (b) , the knuckle joint mechanism is ac- 
tivated by the ball screw. Thus, for a small force 
on the ball screw, a relatively large force is ob- 
tained on the slide. The motion of the slide is 
reversed by reversing the direction of the rota- 
tion of the servo motors. The linkage design can 
be combined with a conventional crank drive, 
where the reciprocating slide motion can be 
achieved without the reversal of the motor shaft 
rotation. Other linkage designs can be combined 
with the servo drive to obtain various force- 
stroke relationships (Ref 11.3). A direct-driven 
spindle drive press is shown in Fig. 11.5 (Ref 
11.10). In this design, four servo motors drive 
four ball screws to activate the slide. By sensing 
the position of the slide at the four corners of 
the press, it is possible to ensure slide/bolster 
parallelity by controlling the output of each in- 
dividual motor. 

Drives with High-Torque/Low-Speed Mo- 
tors. Recently, low-speed/high-torque servo mo- 
tors have been developed that allow direct drive 
of the press eccentric or crank mechanism. Thus, 
there is no need for belt, linkage, or ball screw 

Crank or link press 
Fixed motion Cycle time of mechanical press Free motion press , 

,. *- I (5) Prevention of 
noise and shock 
at contact or 

stroke length Time - breakaway of tools 

Standstill at BDC 
/ (2) Best speed 

for materials (3) Improve accuracy 
by dwelling at BDC (4)  process) 

Fig. 11.3 The flexibility of slide motion in servo-drive (or free motion) presses. Source: Ref 11.9 
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Ball screw 

(a) 

Servo motor 

Righ#leR independent cnntrol 

Fig. 11 -4 Schematic of servo presses with high-speed/low-torque servo-motors (a) with belt and ball screw drive and (b) with ball 
screw and linkage drive. Source: Ref 11.9 

drives. Furthermore, an existing press structure 
and drive system, originally designed for a me- 
chanical slider-crank drive mechanism, can be 
used for servo drives. As a result, it is expected 
that manufacturing and maintenance costs would 
be reduced and the press uptime would be in- 
creased. A high-torque servo-motor, attached di- 
rectly to the press drive shaft, is used extensively 
in the design of standard gap presses (Fig. 11.6) 
(Ref 11.6). Thus, the structural stiffness and 
well-proven gear-eccentric drive of a gap press 

are maintained while only the flywheel, clutch, 
and main motor have been replaced with a large- 
capacity servo motor. For larger-tonnage straight- 
side presses, multiple servo motors can be used, 
as shown in Fig. 11.7 and 11.8 (Ref 11.12). 

Mechanical press manufacturers continue to 
develop innovative designs using high-torque 
servo motors at reasonable costs and well 
proven press structure and drive systems. A typ- 
ical mechanical press drive (Fig. 11.9) illus- 
trates the conventional electric motor, belt drive, 
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flywheel, clutch-brake combination, and the 
drive of the eccentric gear. A servo drive, incor- 
porated into an existing four-point linkage de- 
sign of a straight-side press, is shown in Fig. 
11.8. 

To decrease manufacturing costs and increase 
reliability in the design of larger straight-side 
presses, up to 3000-ton capacity, compact servo 
modules have been developed to drive various 
two-point or four-point press slides (Ref 11.11). 
In addition to the flexibility of controlling the 

1 Press bedplate 5. Guideposts 
2 Sewo motors 6 Press plunger 
3. Spindles 7 M e e d  device 
4 Spindle nuts (hidden) 8. Operating panel 

Fig. 11 -5 A straight-side four-column press with four spin- 
dles directly driven by servo motors. Source: Ref 

11.10 

Capacitor 

slide motion, servo-drive presses also offer con- 
siderable energy savings, especially in large- 
capacity presses. In servo-drive presses, the in- 
stalled motor power is larger than in comparable- 
capacity mechanical presses. However, the 
servo-motor power is used only when the press 
is operated to conduct a stamping operation 
(deep drawing, blanking, coining), because 
there is no continuously rotating flywheel and 
clutchlbrake mechanisms. Furthermore, during 
the dynamic braking operation of the servo mo- 
tors, the braking energy is fed back into the 
power system. It is also possible, if economi- 
cally justified, to install external energy-storage 
capability to compensate for energy peaks and 
reduce the nominal power drawn from the local 
power supply system. 

An example is given in Fig. 11.10 (Ref 11.7). 
In this application, power use is considered dur- 
ing a press cycle. Operating with the main mo- 
tors (maximum output of 235 hp (175 kW) 
each), the energy is stored in an external energy- 
storage device during deceleration and then 
used when the press motion requires more than 
235 hp. Because the stored energy (maximum 
of 470 hp (350 kW) based on the output of two 
motors) is used during peak power require- 
ments, the power load on the facility remains 
nearly constant at about 70 hp (50 kW). It is 
suggested that the energy generated by deceler- 
ation of the slide can be stored within a capaci- 

Drive shaft 

Fig. 11 -6 Direct gear-driven gap press with servo drive, where the high-torque servo motor is directly coupled to press drive shaft. 
Source: Ref 11.6 
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tor or a motodgenerator coupled to a rotating 
mass. 

11.3 Applications 

Servo-drive presses were initially used for 
blanking, coining, and stamping of small parts 
in gap presses. Another major initial application 
was in die tryout and die setup because these 
presses allow very precise slide motion control 
at very low speeds (Ref 11.10). As the industry 
and research groups started to explore the use of 
these presses, major applications emerged. 

Fig. 11 -7 Four identical servo motors with integrated brake 
system driving an eccentric shaft. Source: Ref 

11.11 

Noise and Die Life in Blanking. Using a 
hydraulic servo press, Otsu et al. (Ref 11.13) 
conducted experiments in blanking carbon steel, 
stainless steel, titanium, and copper sheets using 
a 15-mm (0.60-in.)-diameter punch and 50-pm 
punchldie clearance. They investigated two 
schemes of punch motion: constant speed and 
variable speed (continuous “two-step blank- 
ing”), as shown in Fig. 11.11, 

Figure 11.12 shows the noise levels obtained 
in blanking high-strength carbon steel (440 
MPa (64 ksi) tensile strength, 1.2 mm (0.05 in.) 
thick) in the function of the stopping position of 
the punch, when the punch speed is 35.4 mm/s 
(1.39 in./s) at time for breakthrough. The noise 
level reduction is more significant in blanking 
hard materials, and the noise reduction in “two- 
step blanking” is due to reduction of blanking 
force and machine vibrations. 

The burr-free blanking of A1 5052 alloy was 
investigated using a 60-ton servo press (Ref 
11.14). The slide motion used in this study is 
shown in Fig. 11.13. Three steps, using a maxi- 
mum slide speed of 50 mm/s (2.0 in./s), were 
used to obtain burr-free blanked edges in one 
press stroke that required a 3-s cycle time. Two 
die punch clearances, 5 and 10% of sheet thick- 
ness ( f =  1.5 mm (0.06 in.)), were used with a 
30-mm (1.2-in.)-diameter punch. By reducing 
the punch/die clearance and selecting the proper 
punch edge radius, it was possible to eliminate 
burrs with the technique used in this study. 

Fig. 11.8 A servo-press drive with two servo motors incorporated into a four-point straight-side press design. Source: Ref 1 1  . I 2  
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Improvement of Die Life in Blanking. 
Blanking studies were conducted using the same 
tools in conventional mechanical and compara- 
ble servo-drive presses (Ref 11.9). The strokes 
per minute (SPM) in both presses were kept ap- 
proximately the same while the actual blanking 
velocity was reduced considerably in the servo- 
drive press, as shown in Table 11.1. Figure 11.14 
shows the burr heights obtained in both presses 
after blanking several thousand parts from SPCC 
material. In this study, the punch used in the me- 
chanical press needed regrinding after blanking 
30,000 pieces, while in the servo press the punch 
needed regrinding after 100,000 blankings. 

Precision Blanking. The schematic of the 
tooling, designed for precision blanking in a 
servo press, is shown in Fig. 11.15. In this pro- 
cess, two punches are used to complete the 
precision blanking operation. First, the larger 
punch hits the workpiece and extrudes the mate- 
rial slightly into the die cavity and stops before 
the workpiece is totally blanked (Fig. 11.16). 
The upper cylinder moves the punch holder 
plate to the right and aligns the smaller punch 
with the die before the final blanking operation 
takes place. Figure 11.17 shows the slide mo- 
tion used in this process. Because of flexibility 
of the ram motion, the slide does not have to go 

Fig. 11.9 A conventional four-point straight-side mechanical press drive. Source: Ref 1 1  . I 2  

300 Output per main motor 
250 max 235 hp (175 kW) 
200 
150 
100 2 50 

5 0  Incoming supply form 
-50 network - 70 hp (50 kW) 

I; -100 
-150 
-200 
-250 
-300 Energy storage output 
-350 470 hp (350 kW) 

0 Time 

Fig. 11 .I 0 Main motor output supplied almost entirely by energy storage. Source: Ref 11.7 
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able punch speeds. Source: Ref 1 1  . I3  
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Fig. 11 -1 2 Relation between noise level and stopping po- 
sition of punch in blanking high-strength car- 

bon steel (tensile strength = 440 MPa (64 ksi)) with variable 
punch speed. Source: Ref 1 1  . I3  

Start point 5 

Penetration of - ---- 

Pushback distan 
the second step (K2)  

Fig. 11 .I 3 Motion diagram of the slide of the numerical-control servo press and the corresponding blanking steps. Source: Ref 
11.14 

Table 11 .I 
minute (SPM) for servo and conventional 
mechanical presses rT( 

HlF35H (conventional f 

Strokes per minute (SPM) 68 69 5 
Blanking velocity (mmis) 32 86 E 

Blanking velocities and strokes per 

Q2 

X 
OBS352 Y 

(servo press) mechanical press) + 

m 

I3 
u -- 

Source Ref 11 9 r 

m 

L 

3 

all the way back to TDC before executing the 
final blanking operation, thus reducing the total 
cycle time. The precision blanked part is shown 

Conuentronal press 

Number of pa* 

in Fig. 11.18. 

eyeglass frames from a titanium alloy, it was 
necessary to reduce springback. In this applica- 
tion, developed by Hamamoto Technical Co., 

Reduction in Springback. forming of Fig. 11 -1 4 Burr height sheet thickness ratio obtained in 
blanking with a servo and conventional me- 

chanical press. Source: Ref I I .9 
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the springback was reduced in a single press 
stroke by using a multiple (three-step) motion of 
the slide with different BDC positions (Ref 

Warm Forming of Mg Alloy. Elevated tem- 
perature forming of Mg AZ31B alloy disks (3.0 
mm (0.1 in.) diameter x 3.0 mm thick) was con- 
ducted successfully using graphite and molyb- 
denum disulfide lubricant with the punch and 
dies heated to 300 "C (572 OF) (Ref 11.9). The 
blank is located on a counterpunch. As the top 
die comes down, a center punch activated by 
gas pressure is pressed against the workpiece 
that is heated during the initial part of the slide 
stroke. Actual deformation starts after the work- 
piece reaches forging temperature. The slide 
motion curve, the initial blank, and the forged 
part are shown in Fig. 11.19. 

Warm Forming of a Laptop Case. The 
servo-drive press is used for warm forming of 
dfficult-to-form sheet alloys such as Mg A Z 3  1, 
A1 5754, or A1 5052. The dwell that can be ob- 
tained in the slide motion allows the sheet blank 
to heat between the heated tool components 
(die, blank holder, punch). Thus, the blank is 
heated within the same press and tool set, elimi- 

11.9). 

Die SI~LICIU~E 

Fig. 11 -1 5 Tooling designed for precision blanking (tool 
design by Todo Kogyo). Source: Ref 11.9 

nating the need for external heating and part 
transfer. A general slide motion that can be used 
in warm forming of A1 and Mg alloys is shown 
in Fig. 11.20 (Ref 11.16). 

A laptop case from Mg AZ31-0 alloy, which 
can be formed only at or near 300 "C (572 OF), 
is shown in Fig. 11.21 (Ref 11.17). The defor- 
mation required in this part is mostly severe 
bending, with a small amount of drawing. The 
forming velocity was varied in such a way that 
it was slower, at about 1 mm (0.04 in.) per sec- 
ond, during the initial bending and faster, at 
about 200 mm (8 in.) per second, during the 
upstroke after deformation was completed. 

Warm Deep Drawing of Al, Mg, and Ti Al- 
loy Cups. In a recent study, experiments illus- 
trated how best to use a servo-drive press in 
deep drawing of round cups from various alloys 
at temperatures between 250 and 300 "C (480 
and 570 OF) (Ref 11.16). The schematic of the 
tooling and the open tool set are shown in Fig. 
11.22 and 11.23. The blank holder and the die 
are heated with cartridge heaters. The punch is 
cooled with water circulation. The blank is 
placed on the heated blank holder (stage l) ,  the 
die closes and the blank is heated (stage 2), and 
then the part is deep drawn when the slide 
presses the blank holder against the air cushion 
pressure. Cups drawn in this tooling between 
275 and 310 "C (525 and 590 OF) are shown in 
Fig. 11.24. The ram motion followed points 1 
through 8 shown in Fig. 11.20, using the Aida 
Servo press shown in Fig. 11.7. 

Servo Press with Three Slide Axes of Free- 
dom. A servo press that can carry out an orbital 
motion has been developed recently (Ref 11.18). 
The slide of this 3D servo press has three axes 
of freedom so that orbital as well as swinging 
motions can be achieved using the appropriate 

Fig. 11 .I 6 Process sequence in precision blanking. Source: Ref 1 1  . I  5 
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programming of the three independent servo- 
drive systems. Thus, it is possible to adjust the 
positions (TDC and BDC) as well as the stroke 
length of each slide corner. In orbital mode, 
within certain design limits, the speed of the or- 
bital motion and the inclination angle can be 
controlled. 

An excellent application of this novel press is 
illustrated in forming bearing sleeves. Conven- 
tionally, such sleeves are formed starting with a 
U-bent preform, using a two-step process (Fig. 
11.25). The preform is first formed to a round 
cross section (U-0-bending) and then coined. 
During U-0-bending, the sharp edges of the U- 
preform scratch the surface of the upper die and 
lead to significant die wear. To avoid this &e 

Time 

Fig. 11 -1 7 Slide motion used for the process shown in Fig. 
11 .I 6. Source: Ref 1 1 . 9  

wear problem and to improve productivity, a 
new process that uses the orbital/pendeling ca- 
pability of the new servo press is suggested 
(Fig. 11.26). In the new process, preforming and 
finish forming operations are integrated into a 
single three-part tooling. A cylindrical bending 
punch, attached to the bottom die, can be moved 
vertically by the top die, using a pressure cylin- 
der. Thus, the U-profile is formed first. At its 
final lower position, the cylindrical punch acts 
as blank holder for the preform. During the 
downstroke, the top die comes down with a re- 
petitive pendeling motion to incrementally form 
the U-shape into the round sleeve. After the 
round form is reached, the top die comes down 
vertically to calibrate the round section. This 
process eliminates any significant relative mo- 
tion between the sharp edges of the preform and 
the upper die, reducing die wear. 

The 3D servo press has been further devel- 
oped to conduct highly flexible forming opera- 
tions. As an example, the flexibility of t h~s  press 
has been demonstrated by applying it to form- 
ing of internal geared wheels (Ref 11.19). 

Servo-Press Applications for Large Auto- 
motive Stampings. Large servo presses have 
been successfully used by many major OEM car 
manufacturers to replace traditional mechanical 
transfer presses. Honda installed a 2500-tod18- 
SPM (strokes per minute) Aida press in their 
Suzuka, Japan, plant in 2009 (Fig. 11.27), and 
that same year BMW installed 2500-tod17- 
SPM Schuler presses in their Leipzig and Re- 
gensburg, Germany, plants (Fig. 11.28). Both 
BMW and Honda have plans to add another 

(a) (b) 

Fig. 11 .I 8 Precision formed part (a) partially blanked and (b) finished blanked. Source: Ref 11 .9  
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Fig. 1 1  .I 9 (a) Slide motion curve, (b) initial blank, and (c) final Mg part formed in a servo-drive press. Source: Ref 11.9 
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Time for one cycle 

Fig. 11.20 Press slide motion used in warm forming 
processes. The ram motion followed points 1 

through 8. TDC, top dead center; BDC, bottom dead center. 
Source: Ref 1 1  . I  6 

servo-press line from Schuler and Aida, respec- 
tively. 

11.4 Cushions/Die Cushions 

The servo-motor drive principle has been ap- 
plied to the design and control of die cushions 
by several press manufacturers, as well as by 
servo motor suppliers (Ref 11.5). The schematic 
of the principle of a servo-die cushion is shown 
in Fig. 11.29. The position of the die cushion is 
controlled by the pressure sensor. Thus, the op- 
eration of this cushion is similar to that of hy- 
draulic cushions commonly used in mechanical 
and hydraulic presses. This design can also be 
incorporated on multiple-point die cushions 

Fig. 11.21 Warm-formed laptop case from Mg alloy 

where each individual cushion can be controlled 
separately to optimize metal flow in the flange, 
between the die and the blank holder. 

With the servo motors driving the hydraulic 
pumps, a precise control of the cushion pressure 
and motion can be achieved. Combining the 
cushion control with the constant velocity con- 
trols of the servo press, the pressure surge in the 
die cushions can be eliminated (Ref 11.22). A 
schematic of the independent servo-controlled 
cushion is shown in Fig. 11.30. 

In addition, the servo die cushion can be used 
to regenerate energy when the cushion is pushed 
down by the upper die and slide, as shown in 
Fig. 11.31. This downward motion of the cush- 
ion causes a reversal of the flow of hydraulic 
fluid and hence the rotation of the hydraulic 
pump and servo motor. This reversal of servo- 
motor rotation allows for power regeneration of 
about 70% (Fig. 11.32). 
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Blank holder 
cushion pins 

Fig. 11.22 Schematic of tooling and sequence of operations used in warm forming. Source: Ref 1 1  . I  6 

Punch 

Blank holder 

Cartridge heaters 

Lower twl 

Fig. 11.23 Heated upper (left) and lower (right) tool sets used in the experiments. Source: Ref 1 1  . I  6 

AL 5754-0 AL 5052432 

Mg AZ31-0 Commercially pure 
(CP) Ti (grade 1) 

Fig. 11.24 Round cups formed in a servo-drive press with heated tooling. Source: Ref 1 1  . I  6 
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11.5 Comparison of Mechanical and 
Servo Presses 

The best way to illustrate the cost-effective 
application of modern servo-drive presses is to 
make actual production comparisons. In one 
specific case, the operation of an 1100-ton con- 
ventional crank press has been compared with 
that of an 1100-ton servo-drive press (Ref 
11.12). Figure 11.33 illustrates the reduction of 
cycle time and the increase in productivity 
while maintaining the same slide velocity dur- 
ing the deformation process. Figure 11.34 illus- 
trates the cycle time reduction by reducing the 
stroke length in the servo-drive press while 
maintaining the same slide velocity profile dur- 
ing deformation. In this case, the press drive is 
in “pendulum” mode; that is, instead of making 
a total revolution in one direction, the drive 
shaft rotates back and forth. By decreasing the 
tool impact speed while reducing the cycle time, 
it is also claimed that tool life can be improved 
(Fig. 11.35). 

Preformed U-section 

11.6 New Process Development using 
Servo-Press Characteristics 

The servo-drive press has found a niche and 
various new applications in stamping technol- 
ogy. Research studies are being conducted to 
exploit the capabilities of the servo press for 
various forming applications (Ref 11.24). 

Trapped or enclosed die forging and extru- 
sion using different motions of the container 
have been investigated by Wang, Osakada, and 
colleagues (Ref 11.25, 11.26). They have also 
developed precision flashless forging of splines 
using an axially driven container (Ref 11.27). 
Cold piercing of Mg alloy billets has been ac- 
complished using counterpressure in a servo- 
drive press (Ref 11.28). 

Cold and warm forming of various advanced 
high-strength steels (AHSS) is being investi- 
gated using servo-drive presses. Tests indicated 
that in V-bending DP 980 steel, by increasing 
the reduction in thickness, to (Adto) and the 
dwell time at BDC from 0.1 s to 0.5 s, it is pos- 

Bottom die 

UO-bending Calibration 

Fig. 11.25 Two-step forming process to produce bearing sleeves with the U - 0  bending technique. Source: Ref 1 1  . I  8 
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Last s t e ~ l r b r a t i o n  

Fig. 11.26 Forming of bearing sleeves using the orbital/pendeling capability of the servo press. Source: Ref 1 1  . I  8 

sible to reduce springback (Ref 11.29). Using a 
die set equipped with electric-resistance heating 
located in a servo press that allows a certain 
amount of slide dwell, it is possible to heat an 
AHSS such as DP 980 up to 980 "C (1795 OF). 
Thus, the springback and the bending forces can 
be drastically reduced. Similarly, resistance 
heating (up to 1070 "C (1960 OF)) was com- 
bined with the servo motion control to hot shear 
AHSS (DP 980) to obtain sheared surfaces with 
reduced burr and fracture. 

For deep drawing of high-strength steels 
(JAC270, 440, 590, 780, 980), the formability 
can be increased by including dwells in the 
forming stroke with a servo press. The stopping 

of the slide at increments in the stroke (or step 
motion) allows for a relaxation of the stresses in 
the sheet, and therefore, greater deep draws to 
be obtained without failure (necking or crack- 
ing) (Ref 11.30). 

In production settings, using a large servo- 
press line instead of a conventional transfer- 
press line to deep draw car body panels in- 
creased the flexibility of the line to accommo- 
date different parts. The servo-press line allowed 
for optimization of forming conditions (slide 
stroke and velocity, and die cushions) and pro- 
cess conditions (part transfer) that were tailored 
to the specific part being formed. The result was 
better formability (increase of 50 mm (2 in.) in 
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Fig. 11.27 Aida servo-press line in Honda's plant in Suruka, Japan. Source: Ref 11.20 

Fig. 11.28 Schuler servo-press line in B M W s  plant in Leiprig, Germany. Source: Ref 11.21 

drawing depth), increased production rate (+40 
to 50%), and decreased energy consumption 
(-32%) compared to the conventional mechani- 
cal transfer press line (Ref 11.3 1). 

11.7 Summary 

This chapter reviews some of the latest non- 
proprietary information available on the design 
and application of electromechanical servo-drive 

presses. The uses of high-rpmllow-torque and 
low-rpmlhigh-torque servo motors are discussed. 
Various servo-press designs are reviewed. The 
applications of these presses and their apparent 
advantages are summarized. 

One of the significant features of the servo- 
drive press is its ability to incorporate in-die op- 
erations that can, in some cases, reduce the 
number of needed forming steps and potentially 
allow forming more complex parts in one press. 
For example, a progressive die application, used 
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to produce a pen holder as a demonstration part, 
includes nine stations where several operations 
are integrated (Ref 11.10): 

1. Piercing and bending 
2. Bending 
3. Coining 
4. Hold piercing 
5. Blanking of a protrusion 
6. Assembly 
7. Polymer injection molding 
8. Inscribing 
9. Quality control 

Often in performing secondary operations in 
the die, expensive cam motions can be elimi- 
nated and replaced by electromechanical, hy- 
draulic, or pneumatic servo activators that do 
not have to be synchronized with the die/slide 
motion (Ref 11.7). Thus, combining servo-press 
motion control with a novel die/tool design 
strategy has great potential for cost-effective 
application of servo-drive presses in the future, 
especially for: 

pressure 
Sensor 

Fig. 11 -29 Schematic of a simple point servo-drive die 
cushion. Source: Ref 11.5 

Blank holder 

Die lower 

Cushion pad 

Oil pump motor 

Fig. 11 -30 Schematic of independent servo-drive die cushion to eliminate pressure surge.The servo-driven hydraulic die cushion 
transfers a large portion of the cushion energy into the electrical drive system of the press. Source: Ref 11.23 
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Increasing the stroking rate to increase pro- 
ductivity 
Controlling the slide velocity during the 
forming stage to improve part quality and 
reduce scrap rates 
Reducing noise and increasing the quality of 
blanked edges in shearing and blanking 

Allowing for assembly and other secondary 
operations in the same press 

One issue faced when using new technology, 
such as a servo press, is how to effectively use 
the equipment. Therefore, it is necessary to de- 
velop a methodology to determine the opti- 
mized press parameters to form a given part 
with high quality. The biggest advantage the 

Reducing tool wear 

Servo mator for press machine 

Fig. 11 -31 Possible use of servo die cushion for multiple 
uoint control of blank holder force and for en- 

ergy regeneration. Source: Ref 11.5 

servo press has over mechanical presses is the 
ability to vary the velocities during forming. 
The velocity versus stroke curve that best forms 
the part (with a given shape, material, and thick- 
ness) must be determined and applied to pro- 
duce quality parts with limited scrap. Studies 
are in progress to develop this methodology for 
deep drawing through a combination of finite 
element analysis simulations and experiments. 
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CHAPTER 12 

Hydraulic Presses 
Eren Billur, The Ohio State University 

HYDRAULIC PRESSES generate the form- 
ing force and necessary ram motion by hydraulic 
cylinders. The pressurized fluid me&um drives 
the piston in the cylinder, and the motion is con- 
trolled using a set of valves. A typical hydraulic 
circuit consists of a reservoir (tank), electric mo- 
tor, pump, valves, and cylinder (Fig. 12.1). Hy- 
draulic presses are more versatile than mechani- 
cal presses, because the force and stroke can be 
controlled easily. These presses are load-re- 
stricted machines; that is, their capability for car- 
rying out a forming operation is limited mainly 
by the maximum available load. Hydraulic 
presses are used by almost every industry in- 
volved in manufacturing, because they are built 
in many different sizes (e.g., available load may 

be from < 0.9 metric ton (< 1 ton) up to 59,000 
metric tons, or 65,000 tons) with many varia- 
tions and complexities (Ref 12.1, 12.2, 12.3). 

The main advantages of hydraulic presses 
over mechanical presses include (Ref 12.3, 12.4, 
12.5): 

The rated force is available throughout the 
stroke (may not apply to accumulator-driven 
presses), which makes the hydraulic presses 
ideal for deep drawing operations. 
Extremely flexible slide motion allows opti- 
mizing and automating sheet metal forming 
processes. 
The maximum allowable press force can be 
easily set to protect tooling. 

Slide cylinder 

Slide 

Slide ejector 

Counfer 
drawing die 

Draw punch 

Active draw 
cushion 

Draw cushion 
cy l tnde t 

Fig. 12.1 Schematic of a hydraulic press with a draw cushion and die set, with major components labeled. Source: Ref 12.1 
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The disadvantages of hydraulic presses in- 
clude: 

In general, lower operating speed than me- 
chanical presses, which leads to lower pro- 
duction rates (partdstrokes per minute) 
Higher energy consumption 
Possible problems of leakage 

12.1 Components of Hydraulic Presses 

The drive system of a hydraulic press con- 
sists of a hydraulic cylinder(s) that is actuated 
by the hydraulic circuit. Drive systems in hy- 
draulic presses are further discussed in the sec- 
tion “Drive Systems” in this chapter; first, the 
components in a hydraulic press are described. 

Hydraulic Fluid/Pressure Medium. Hy- 
draulic fluid is used to transfer the energy from 
the pump to the cylinder. In principle, any fluid 
can be used for this function. Early hydraulic 
presses had water as the pressure medium, 
which has several advantages, such as general 
availability, low cost, no risk of fire, and no 
messy residue in case of leakage. Despite these 
advantages, water has been replaced by oil and 
water/oil emulsions in hydraulic presses (Table 

Table 12.1 Properties of hydraulic fluids 

12.1), mainly because the emulsions have higher 
corrosion resistance and better lubricity com- 
pared with water (Ref 12.5, 12.7, 12.8). 

As shown in Table 12.1, 85% of hydraulic 
applications employ oil as pressure medium, 
10% water/oil emulsions, and the remaining 5% 
other synthetic fluids. In water/oil emulsions, 
the percentage of water content affects the lu- 
bricity and corrosion protection. As the water 
percentage increases (i.e., oil-in-water emul- 
sion), the characteristics are close to water, and 
vice versa (Ref 12.6, 12.9). 

Selection of hydraulic fluid in a press affects 
the stroke-time and stiffness characteristics of a 
press, as detailed in later sections. It is also im- 
portant to note that hydraulic components such 
as pump and valve(s) may require certain vis- 
cosity levels for efficient operation. Seals have 
to be chemically compatible with the fluid used. 
Small to medium presses usually are run on oil, 
and large presses with accumulator drives com- 
monly use water-oil emulsions (Ref 12.4, 12.8, 

Reservoir. Hydraulic fluid is stored in a res- 
ervoir (also called a tank). The reservoir should 
be large enough to contain the fluid used in the 
press. It has several openings to allow flow of 
hydraulic fluid and air (Fig. 12.2a): 

12.10). 

Prooertv Water Oil Waterloil emulsions 

Lubrication and wear protection . . .  0 

Corrosiodrust protection . . .  0 

Low compressibility (bulk modulus, 0 . . .  

No flammability 0 . . .  
No environmental impact 0 . . .  
Usage in hydraulic applications , % -0 85 

Legend 0 ,  best, o,m-between, 

Low cost 0 . . .  
Kinematic viscosity at 50 “C, mm2k 0.55 15-70 

K higher is better) K = 2.4 GPa 
= 348 ksi 

K =  1.0 . . .  
= 145 . .  

,N/Aorworst  Source Ref 12 1, 12 5, 12 6 

0 

0 

0 

1-70 

K =  2.5 . . .  3.5 GPa 
= 363 . . . 508 ksi 

0 

1.6 GPa 
232 ksi 

. . .  

. . .  
10 

E m 
0 

Fig. 12.2 (a) Schematic of a reservoir with attachments. Source: Ref 12.5. (b) International Organization for Standardization sym- 
bol for reservoir. Source: Ref 12.1 1. (c) Reservoir mounted on a press crown. Source: Ref 12.12 
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Intake (suction) line, feeding the pump and 
therefore the circuits of hydraulic press 
Return line, which brings the used oil back 
Breather cap, which allows ventilation so 
that negative pressure is prevented when hy- 
draulic fluid is pumped out 
Fill plug, to replace or add hydraulic fluid, 
which also houses a filter 
Drain plug, to remove deposited impurities 
and condensed water or remove hydraulic 
fluid when it has to be changed 
Level indicator 

The reservoir may be divided into two sec- 
tions by a plate. Return (tank) and suction lines 
are located in separate sections. Fluid from the 
return line calms at the first section (oil return 
chamber), where air bubbles are separated and 
impurities are deposited. The fluid can pass 
through the holes to the second section (suction 
chamber) and be pumped back into the system. 
The bottom of the reservoir is designed such 
that the lowest point is in the first section, and a 
drain plug is placed to remove impurities and 
condensed water near the lowest point of the 
reservoir (Ref 12.5, 12.13). 

Depending on the press design, the reservoir 
may be (Ref 12.2, 12.5, 12.12): 

Mounted on the press crown to take advan- 
tage of gravity during prefill (Fig. 12.2~)  

Built in the press frame, which is common in 
gap-frame presses 
A unit separate from the frame (e.g., see Fig. 
12.18b later in this chapter) 

Hydraulic Cylinder. The hydraulic cylinder 
is the main component of a hydraulic press that 
generates force(s) and motion(s) required by the 
forming process. Hydraulic cylinders are used to 
drive the main slide, as well as additional slides 
in multiple-action presses, die cushions, ejectors 
(Fig. 12.1), and other auxiliary units, if present. 
Depending on the forcehelocity requirements 
and cost considerations, several types of cylin- 
ders are used. In hydraulic presses, common cyl- 
inder types are plunger (single-acting) cylinders, 
differential (double-acting) cylinders, and tan- 
dem cylinders, as shown in Fig. 12.3. 

Single-acting cylinders can generate force 
and motion in only one direction (Fig. 12.3a). 
They are less expensive, because there is no pis- 
ton, which eliminates the need of manufactur- 
ing a piston and good surface finish in inner 
walls of cylinder. However, single-acting cylin- 
ders require a method of returning. If the cylin- 
der is extending upward, such as in a die cush- 
ion or in a pushup press, gravity may retract the 
rod. In small shop presses, spring-return cylin- 
ders are employed (Fig. 12.3b). It is also com- 
mon that a single-acting cylinder may be used 
parallel with other cylinders (single or double 

Fig. 12.3 Hydraulic cylinders used in presses and corresponding International Organization for Standardization symbols: (a) single- 
acting cylinder, (b) spring-return cylinder, (c) differential cylinder, and (d) tandem cylinder. Source: Ref 12.5,  12.1 1 ,  

12.13,  1 2 . 1 4  
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acting) that may retract the rod when required 
(Ref 12.1, 12.2). 

Double-acting cylinders can generate motion 
and force, both when extending and when re- 
tracting. In hydraulic presses, differential cylin- 
ders (Fig. 1 2 . 3 ~ )  are common. They are named 
differential because the functional (pressurized) 
area of the piston is not equal when the rod is 
extending and retracting. As a result, the rod can 
generate more force when extending but moves 
slower than when it is retracting (see Eq 12.1 
and 12.2). In some applications tandem cylin- 
ders (Fig. 12.3d) may be used to generate more 
force while keeping the cylinder outer diameter 
smaller, or, with different piston sizes, a tandem 
cylinder can be used to create a rapid approach 
with low-load capacity and high-load working 
stroke with low speed (Ref 12.5, 12.13). 

The force, F (in N or lb), generated by a hy- 
draulic cylinder can be calculated by knowing 
the piston area, A (in mm2, or in.2), and hydrau- 
lic pressure, p (in MPa, or psi): 

F = p A  Eq 12.1 

Velocity, V(in mm/s or in./s), of the rod can be 
calculated by the piston area, A, and volumetric 
flow rate of hydraulic fluid, Q (in mmVs or 
in.%): 

V = Q I A  Eq 12.2 

Hydraulic Pumps. Hydraulic pumps trans- 
form mechanical energy (from electric motors) 
to hydraulic energy. In hydraulic presses, gear 
type and axial piston pumps are common. Gear 
type pumps have constant displacement per rev- 

olution (commonly in cc/rev or in.3/rev). They 
can be either external gear type (Fig. 12.4a), 
where two external spur gears are used, or inter- 
nal gear type, where one external gear is mated 
with an internal gear. The second generic type 
of pumps used in hydraulic presses is the axial 
piston type pump. These also can be in two 
types: bent axis type (Fig. 1 2 . 4 ~ )  or swashplate 
type. Axial piston pumps may be variable dis- 
placement per revolution, if the angle of bent 
axis (a  in Fig. 12 .4~)  or angle of the swashplate 
can be varied (Ref 12.3, 12.5). 

Hydraulic Lines. In a hydraulic press, flexi- 
ble hoses or hard pipes can be used to transfer 
the hydraulic fluid. These are also called hy- 
draulic lines. There are five main types of hy- 
draulic lines in a press: 

Suction line: the line between the reservoir 
and the inlet of the pump (see Fig. 12.2a). 
Usually a filter is located in th~s  line, so that 
only filtered oil is pumped into the system. 
Pressure line (F‘): the line between the con- 
trol valve’s P-port and pump outlet. This 
line has the highest pressure, because it is 
the one just after the pump. 
Work lines (A, B, etc.): lines connected to 
the cylinder’s different ports. If A is retract- 
ing the cylinder, then B could be extending 
it. 
Return (tank) line (T): the line carrying the 
fluid back to the tank (reservoir). When a 
double-acting cylinder is retracting, for ex- 
ample, the oil in the second chamber should 
be flowing to the tank, through the T-line. 
Leakage line (L): the line that returns the 
leaked oil from valves, pumps, and/or other 
hydraulic attachments to the tank. This line 
carries much less flow than the T-line. 

Fig. 12.4 Hydraulic pumps commonly used in presses: (a) external gear pump, (b) International Organization for Standardization 
symbol for constant-displacement pump, (c) bent axis axial piston pump, and (d) International Organization for Stan- 

dardization symbol for variable-displacement pumps. Source: Ref 12.5 
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Hydraulic Valves. Valves are used to control 
and regulate (a) the direction of the flow (i.e., to 
move the slide of a press upward or downward), 
(b) the pressure (i.e., force generated by the 
slide), and/or (c) the flow rate and consequently 
flow velocity (i.e., velocity of the slide) (Ref 
12.15). 

One of the simplest hydraulic valves, em- 
ployed to ensure that the fluid is flowing only 
along one direction, is called “check valve” 
(also known as a nonreturn valve). In a typical 
check valve, a metal ball is seated on a tapered 
channel (Fig. 12.5b) and is pushed by a com- 
pressed spring. When the fluid flows in the free- 

flow drection, the fluid pushes the spring and 
opens the gap and therefore can flow. However, 
when the fluid is flowing in the incorrect direc- 
tion, the spring will push the ball and block the 
fluid flow (Ref 12.13, 12.15). 

Directional control valves (DCVs) are used 
to control the fluid flow to the actuator. In a hy- 
draulic press, DCVs are used to control the di- 
rection of motion of slides, cushion pins, ejec- 
tors, and other auxiliary units. DCVs are named 
by the number of ports (lines for inledoutlet, 
e.g., A, B, T, and P) and number of positions the 
spool can move. Fig. 12.6 shows a four-port 
DCV, where the leakage line (L) is not counted 

Fig. 12.5 lnline check valve: (a) photo, (b) schematic, and (c) International Organization for Standardization symbol. Source: Ref 
12.16 

(b) 

Fig. 12.6 Operating of a 4/3 directional control valve: (a) pressurized fluid flowing to port B, and (b) pressurized fluid directed 
back to the reservoir. Source: Ref 12.13 
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as a port. This DCV has three positions, a, b, 
and c. This particular DCV is called a 4/3 valve. 
In position a, pressurized fluid is flowing to port 
B (Fig. 12.6a), and in position c (not shown), it 
is flowing to port A. This may be extending and 
retracting of a cylinder. In position b, the pres- 
surized fluid is directed back to the reservoir 
(Fig. 12.6b) while the cylinder is at a standstill 
(Ref 12.13, 12.15). 

The maximum force in a hydraulic press can 
be easily set and controlled. This is done by 
pressure valves. There are two main classes of 
pressure valves: pressure relief valves and pres- 
sure regulators. A pressure relief valve senses 
the incoming pressure (inlet, P-line), whereas a 
pressure regulator senses the output pressure 
(outlet, A-line). In the pressure relief valve, an 
adjustable compression spring presses a sealing 
element to its seat. When the force is generated 
by the pressure in the P-line ( F  = p l A l ) ,  the 
valve opens and flow is directed to the tank. 
However, resistance in the return line (tank line, 
T) may act on surface A, (an additional F = 

p,A,), which must be considered. In the pres- 
sure regulator, Fig. 12.7b, a similar principle is 
employed with an adjustable compression 
spring. However, a piston is used where the out- 
let line (A-line) is acting on one side of the pis- 
ton, Fig. 12.7b(i). When the outlet pressure is 
higher than the adjusted level, the valve moves 

(ii) 

P 

and closes the throttle gap (Fig. 12,7b(ii)), thus 
reducing the outlet pressure (Ref 12.13). 

The last set of valves are flow control valves. 
As the name suggests, these are used to regulate 
(reduce) the flow rate within a line. As explained 
in the section “Hydraulic Cylinder” above, the 
flow rate (Q) is directly proportional to the ve- 
locity of the cylinders. The flow rate can be con- 
trolled by flow control valves or flow-regulating 
valves. Flow control valves can be of a restric- 
tor or of an orifice type in order to create a resis- 
tance to the flow. Flow-regulating valves, on the 
other hand, can be adjustable, similar to the fau- 
cets in a kitchen sink (Ref 12.13, 12.15). 

All of the valves explained here are actuated 
manually, mechanically, or by other means. For 
example, a check valve is actuated by pressure 
in one direction and by the mechanical spring in 
the other. In modern presses, most of the control 
is done by solenoid or servo valves, which are 
controlled through the programmable logic con- 
trollers. It is also common to see mechanical 
actuation, such as hand levers, in small presses 
(Ref 12.1, 12.17). 

Servo-actuated valves have a feedback loop 
and a controller that drives a torque motor to 
actuate the valve. These allow a very accurate 
control of the spool. A DCV (e.g., Fig. 12.6) can 
be servo actuated, where the spool can be 
moved incrementally and act as a restrictor for 

T P 

(a) (b) 

Fig. 12.7 (a) Pressure relief valve and (b) two-way pressure regulator. Source: Ref 12.1 3 
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A and/or B lines. Such valves are called propor- 
tional directional valves or sometimes abbrevi- 
ated as servo valves (Ref 12.18). Table 12.2 lists 
the different types of valve actuation and their 
International Organization for Standardization 
@SO) symbols. 

Intensifier. A hydraulic intensifier is used 
when very high pressure is required that cannot 
be supplied by the pumps. The device consists 
of two pistons that have different areas (Fig. 
12.8), which may be in the order of 1:2 to 1:20. 
Hydraulic fluid from the tank is first filled in the 
small piston chamber (the high-pressure cham- 
ber) and then pumped in to the large piston 
chamber (low pressure). The low pressure 
moves the piston assembly and, because of the 
surface ratio, compresses the oil in the high- 
pressure chamber (Ref 12.16, 12.19). 

Intensifiers are commonly used in hydro- 
forming presses to increase the pressure of 
forming fluid, and in very small hydraulic 
presses operated by air pressure. 

Accumulator. Hydraulic pumps can deliver 
a certain volume flow (Q) depending on their 
design and rpm of the motor. However, it is 

Table 12.2 I S 0  symbols for actuation of valves 

common (especially for large hydraulic presses) 
that a press may require high flow rates for short 
time periods. In this case, to conserve energy, 
a smaller pump is installed with an accumula- 
tor. When the press is idle, the pump fills the 
accumulator, and when high flow rate is re- 
quired, the fluid is provided by the accumulator 
(Ref 1 2.5). 

The main task of an accumulator is to keep a 
volume of hydraulic fluid under pressure and to 
release it to the circuit when necessary. To keep 
the liquid under pressure, often pressurized gas 
is used. This might be done by a bladder sepa- 
rating the gas and liquid media (Fig. 12.9a, b), a 
diaphragm (Fig. 12.9c), or a rodless piston 
where one end is subject to gas pressure and the 
other one to the hydraulic fluid (Fig. 12.9d) (Ref 
12.5, 12.15). 

Accumulators may also be used to keep the 
pressure in the cylinder for a long time. When 
clamping a workpiece (i.e., in hydroforming ap- 
plications or during quenching in hot stamping 
processes), the pump is not required to generate 
pressure. Possible leakages can be compensated 
by the accumulator (Ref 12.5). 

Manual Mechanical Others 

Manual, general I Stem’key t[ Pressure 

dI Pushbutton ‘\lyI= Spring d 

Source: Ref 12.11. 12.18 

Roller I Detent 

Roller, idle return 6 Servo a 

(a) (h) 

Fig. 12.8 Hydraulic intensifier. (a) Schematic. Source: Ref 12.3. (b) International Organization for Standardization symbol. Source: 
Ref 12.13 
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Fig. 12.9 (a) Schematic view of a bladder-type accumulator. Source: Ref 12.5. (b)-(d) International Organization for Standardiza- 
tion symbols for accumulators: (b) bladder type, (c) diaphragm type, and (d) piston type. Source: Ref 12.20 

12.2 Drive Systems 

As the forming/blanking process is per- 
formed, force builds up and increases the pres- 
sure in the cylinder (as F = PA). The hydraulic 
drive should be designed such that, under this 
pressure, the pump or accumulator should still 
be able to maintain the required volume flow. 
To achieve these goals, several drive systems 
have been designed for hydraulic presses. As 
the technology of pumps, valves, motors, and 
control systems evolves, new designs that are 
more energy efficient are becoming available. 

In a hydraulic press, the forming cycle can 
generally be divided into three portions: 

High-speed approach (closure), with almost 
no force 
Forming, where the forces are highest but 
speeds can be modest 
Return, where the slide has to return to the 
uppermost point as fast as possible 

It may be also possible that a dwell can be 
required order to (a) heat the workpiece before 
a warm forming process, (b) quench the part af- 
ter a hot stamping process, (c) do secondary op- 
erations such as tapping, and so on, or (d) re- 
duce springback. 

High-speed approach and return portions do 
not require high forces but have to be completed 
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in short time periods in order to increase the 
total output (i.e., parts per minute). During these 
periods, the flow rate may exceed the supply by 
the pump. In th~s  case, a prefill valve may be 
used. This is a large valve that connects the cyl- 
inder directly to the reservoir. Prefill can be 
done either by gravity (if the reservoir is at- 
tached to the crown of the press) or by using a 
small cylinder and pump to move the slide and 
create vacuum in the large cylinder to achieve 
prefill (Ref 12.2). 

Direct Drive. Direct drive (also known as 
pump drive) in a hydraulic press refers to a hy- 
draulic circuit where the high-pressure fluid is 
supplied only by pump(s) (Fig. 12.10). The 
pump(s) deliver a certain flow rate (Q) to the 
system, and as external forces resist to the mo- 

- 

4 +  

I +  
A 

tion of the cylinder, pressure is built up. Direct 
drives are designed for the highest load and 
flow rate; therefore, the nominal load is always 
available. However, this also causes the pump(s) 
and motor(s) to be selected for the highest 
power requirement (Ref 12.1, 12.8). 

Direct-driven hydraulic presses can be more 
energy efficient than accumulator-driven presses 
because the pump supplies only the required 
amount of pressure. Several versions of direct 
drives are available for hydraulic presses. The 
selection of the drive system is a trade-off be- 
tween the initial investment and energy effi- 
ciency (Ref 12.1, 12.8, 12.22): 

V 

Constant-rpm electric motor and constant- 
displacement pump, where the pump deliv- 

Fig. 12.1 0 Direct-drive circuit for a hydraulic press. Source: Ref 12.21 

Fig. 12.1 1 
displacement pump. p ,  pressure. Source: Ref 12.22 

Direct drives and their energy efficiencies: (a) constant-rpm electric motor and constant-displacement pump, (b) 
constant-rpm electric motor and variable-displacement pump, and (c) variable-rpm electric motor and constant- 
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ers constant flow rate (Q) at a set pressure 
07) (Fig. 12.11a). The system is simple to 
build and maintain. However, it has the low- 
est efficiency with the lowest initial cost. 
Waste energy would be converted to heat. 
Additional cooling devices may be required. 
Constant-rpm electric motor and variable- 
displacement pump, where the pump deliv- 
ers a constant pressure but at a variable flow 
rate (use of axial piston pumps with bending 
axis control or swashplate) (Fig. 12.1 lb).  
This alternative offers better efficiency than 
a constant-rpm electric motor with constant- 
displacement pump, but it has higher initial 
cost due to the variable-displacement pump. 
Vhriable-rpm electric motor and constant- 
displacement pump, where the rpm of the 
motor is controlled such that the flow rate 
and the pressure required by the process can 
be supplied (Fig. 12.1 lc).  This circuit can be 
-30% more energy efficient than the other 
two techniques; however, it has higher ini- 
tial costs due to the complex controls and 
load sensing systems (Ref 12.22, 12.23). 

It is also possible to combine a number of 
motors and pumps and to operate them at sev- 
eral stages. For example, a high-rpm motor with 
constant-displacement pump may be used for 
high-speed closure/return cycles. It is also pos- 
sible to use several pumps with constant flow 
rates and control the speed by either switching 
the pumps off or running them idle (Ref 12.8). 

Accumulator Drive. In an accumulator- 
drive press (Fig. 12.12), the pumps are used to 
pressurize the accumulator(s). When hydraulic 
fluid is required at high pressure and flow rate, 
it can be supplied by the accumulator(s) within 

a very short time. By the next cycle, pump(s) 
have to pressurize the accumulator(s) back. Ac- 
cumulators are used to store energy, similar to 
the flywheel in a mechanical press or capaci- 
tance in servo-drive presses. Accumulator-drive 
presses are favored if the press has long idle 
periods between cycles, or very large press ca- 
pacities are required, on the order of 9,000 to 
45,000 metric tons (10,000 to 50,000 tons) (Ref 
12.1, 12.24). 

Accumulator drives have the advantage of 
downsizing the motor(s) and pump(s) in the 
system. Thus, they reduce the initial investment. 
However, the pumps have to operate against the 
full work pressure of the accumulators even 
though the nominal force may not be used at all 
times. To control the velocity of the press, a 
flow-regulating valve can be used, where the 
excessive hydraulic energy will be wasted and 
converted into heat energy (Ref 12.1, 12.8). 

Accumulator-drive presses used in sheet metal 
forming are large deep drawing presses, tryout 
presses, and fine blanking presses. A comparison 
of direct-drive presses and accumulator-drive 
presses is given in Table 12.3 (Ref 12.2, 12.12, 
12.2 5). 

12.3 Characteristics of Hydraulic 
Presses 

Load and Energy. Hydraulic presses are 
load-restricted presses. Regardless of the drive 
type (direct or accumulator), the maximum 
pressure bm,,, in MPa/bar, or psi) would limit 
the nominal load (LM,  in kN, or lb) that the ma- 
chine can exert on the dies: 

Double-acting 
cylinder 

Fig. 12.1 2 Accumulator-drive circuit for a hydraulic press. Source: Ref 12.21 
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where Apistan is the area (mm2, or in.2) of the pis- 
ton under pressure. 

Energy per stroke in an accumulator-driven 
press is directly proportional to the energy ca- 
pacity of the accumulators. Usually, during the 
stroke, 10 to 15% pressure drop is allowed. On 
the other hand, with the direct-drive presses, en- 
ergy per stroke is limited by the maximum load 
and stroke: 

where EM is the energy per stroke by the ma- 
chine (in kJ, or ton.in.), LM is the maximum load 

(in kN, or in.), and s,,, is the maximum stroke 
(in m or in.) (Ref 12.4, 12.8). 

Usually hydraulic presses are not as energy 
efficient as mechanical presses. As shown in 
Fig. 12.13, a mechanical press is about 30% 
more energy efficient and may produce more 
parts per minute. Therefore, energy requirement 
per part of a mechanical press is much lower 
than that of a hydraulic press. However, a hy- 
draulic press can exert the nominal force all 
over the stroke (speaking of a direct-driven hy- 
draulic press) and therefore may apply much 
higher energy per stroke (Ref 12.1). 

Stroke. The maximum stroke of a hydraulic 
press is limited only by the design of the cylin- 
der. However, it is possible to use only a small 
portion of the available stroke of the press, un- 
like in mechanical presses. This allows hydrau- 

Table 12.3 Comparison of direct-drive and accumulator-drive presses 

Accumulator drive Direct drive 

Hydraulic fluid Oil Oiliwater emulsions 
Press speed 

Power requirement Not constant 

Energy per stroke Unlimited 

PressureiForce 

Determined by the installed pump and motor 
Flow-regulating valves may be applied 

Will make peaks as the press needs more power 

Nominal force is available throughout the entire stroke 
Equal to the force required by the process 
Maximum force can be limited by use of pressure valves 

Determined by flow-regulating valves 

Almost constant, smooth over time (similar to mechanical 

Limited by the capacity of the accumulator(s) 

Accumulators have to operate always at the full capacity 

presses) 

Source: Ref 12.1. 12.8 

E 
E 

- 
C 

E 
L 
5 

E 
F 

Time s 

Fig. 12.1 3 Stroke time and energy time for a hydraulic press and an equivalent mechanical press. BDC, bottom dead center; 
TDC, top dead center. Source: Ref 12.1 
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lic presses to be more flexible than mechanical 
or eccentric presses, and allows faster cycle 
times, because the slide is moved only in the 
portion that is necessary to form the part. 

Provided that the formingkutting forces fluc- 
tuate within certain limits (because of deviation 
in thickness, material, friction, etc.) , dimen- 
sional accuracy of the final part is repeatable 
only if the hydraulic press has repeatable 
strokes. Generally, limit switches are employed 
to set the end of stroke. The slide’s downward 
motion is reversed when the switch is triggered. 
Depending on the slide speed and load, the slide 
may pass this switchover point by a few milli- 
meters (Ref 12.1, 12.8). 

If close tolerances are required in production 
with hydraulic presses, positive stops in combi- 
nation with a hydraulic damping system may be 
utilized, as shown in Fig. 12.14. Positive stops 
ensure that the press stops at the same point in 
every hit, similar to bottom dead center (BDC) 
in mechanical presses, thus minimizing the 
variation. Damping systems are needed when 
blanking in a hydraulic press (Ref 12.1, 12.3). 

Time-Dependent Characteristics. In a hydrau- 
lic press, each cycle consists of different phases 
that together add up to the total cycle time. In 
general, each cycle is defined by fast approach, 
forming, and fast return phases (Fig. 12.15). 

Low-force/high-speed approach stroke and 
high-force/low-speed forming stroke can be 
achieved by: 

proach and a large area piston is used for the 
forming process 
Using a tandem pump (more than one pump 
attached to same electric motor), where one 
pump would be delivering very high flow 
rate at low pressure and the other low flow 
rate at high pressure 
Using several cylinders in parallel (Fig. 
12.16) 
Using a prefill valve (Fig. 12.17) 

When several cylinders are used in parallel, it 
is possible to use a combination of them to 
speed up the press when excess force is not re- 
quired. In Fig. 12.16, a hydraulic press with 
three identical cylinders is shown. 

A prefill valve may be used to accelerate the 
fast approach and return phases. During these 
phases, the fluid flow rate (Q in liters per min- 
ute or gallons per minute) may well exceed 
what can be supplied by a pump. In this case, a 
prefill valve is used, which is connecting the 
head of the cylinder directly to the reservoir. 
The prefill valve is opened when the slide is in 
the fast approach stroke, and the fluid flows ei- 
ther by gravity or suction created by the main 
cylinder as the slide is pushed down by small 
cylinders (Fig. 12.17a). During the forming 
stroke, high pressures have to be developed, so 
the prefill valve is closed (Fig. 12.17b). When 
the slide is in fast return stroke, the prefill valve 
is opened, so a large amount of fluid can flow 
back to reservoir (Fig. 1 2 . 1 7 ~ )  (Ref 12.2). 

~Y I~ 

Using a tandem cylinder (as in Fig. 12.3d), 
where a small area piston is used for fast ap- 

A hydraulic press’s displacement-time curve 
also depends on: 

Between the uprights In tool room In crown 

(b) (C)  (dJ 

Fig. 12.1 4 Stroke-limiting and damping devices: (a) and (b) between the uprights, (c) in tool room, and (d) in crown. Source: Ref 
1 2 . 1 ,  1 2 . 3  



Chapter 12: Hydraulic Presses / 193 

Press cycle Part transport time 

Acceleration 

Lowering in rapid transverse 

Return stroke 

t 

and reversal 

Time, s 

f, 

Press time, f i  Prorated 
transport time, T2 

Cycle time, T =  0.2 s + T, + T, 

Fig. 12.1 5 Displacement-time curve of a hydraulic press. BDC, bottom dead center; TDC, top dead center. Source: Ref 12.1 

Fluid type, because this changes the com- 
pressibility of the fluid and thus affect speed 
under pressure and contact time under pres- 
sure (Ref 12.8) 
Response time of the valves, which will af- 
fect the transition time between phases (i.e., 
pressure relief and reversal in Fig. 12.15) 
(Ref 12.28). 

Characteristic Data for Accuracy. Stiffness 
and therefore accuracy of a hydraulic press de- 
pend on (a) the frame and gib design, (b) num- 
ber of hydraulic cylinders, (c) the hydraulic 
fluid used in the circuit, and (d) presence and 
effectiveness of a parallelism control system. 

As explained in earlier chapters, the stiffness 
of a press is directly related with the frame and 
gib designs. A gap frame press (Fig. 12.18a) has 
very low angular stiffness compared to other 
frame types. Number of hydraulic cylinders 
also affects the stiffness of press as well as par- 
allelism of the slide. 

However, in hydraulic presses, one of the key 
components that defines the accuracy is the hy- 

draulic fluid itself. All fluids are compressible, 
and their bulk modulus is much smaller than 
metals. Hydraulic fluid in the cylinder acts as a 
spring as it is compressed under pressure: 

Eq 12.6 

where C, is the stdTness of the fluid column (in 
kN/mm, or todin.), K is the bulk modulus of the 
fluid (in GPa, or psi), LM is the load generated 
by the press (in kN, or ton), s is the stroke (i.e., 
distance traveled by the slide from uppermost 
point in mm, or in.) and p is pressure in the cyl- 
inder (in MPa, or psi). 

Thus, the stiffness of a hydraulic press is de- 
termined by the compressibility of the hydraulic 
fluid and the elastic deformation of the frame 
and drive system. The former causes the high 
contact time under pressure and is directly pro- 
portional to the bulk modulus of the fluid. 
Therefore, the stiffness characteristic of a hy- 
draulic press may change with time, as the tem- 
perature of the fluid may rise with time. Javadi 
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Fig. 12.1 6 Selective activation of cylinders in a press with three identical cylinders. Source: Ref 12.26 

Fig. 12.1 7 Use of prefill valve in hydraulic press: (a) the prefill valve is opened when the slide is in the fast approach stroke, (b) 
the prefill valve is closed during the forming stroke, and (c) the prefill valve is opened when the slide is in fast re- 

turn stroke. Source: Ref 12.27 
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et al. (Ref 12.29) has shown that the initial tilt 
of a hydraulic press and its tilt stiffness may 
change after a few hours of operation. 

In applications where off-center loads are 
present and the accuracy is important, hydraulic 
presses either are required to be stiffer or can be 
built with a parallelism control system. A par- 
allelism control system consists of multiple 
cylinders with position feedback and a servo 
controller. Depending on the application and 
economics, there are mainly two types of con- 
trol systems: with and without applied force 
(Ref 12.1, 12.4). 

In the system with applied force (Fig. 12.19a), 
cylinders are installed on the corners of the slide 
and are pushed with a constant pressure (there- 
fore applies force). When deviation is sensed, 
the pressure is increased on the leading side and 
is decreased on the other side by servo valves. 
The sum of applied force (i.e., F, + F3) is al- 
ways constant. The press has to generate more 
force than required by the forming process; 
therefore, this method is not energy efficient. 
However, by employing this system, a parallel- 
ism (between slide and bolster plate) of 0.05 to 
0.2 mm/m (0.002 to 0.008 in./ft) can be achieved 
(Ref 12.1, 12.26). 

In the second system, an average pressure is 
applied to two cylinders that are connected to 
each other by means of diagonal pipe connec- 
tions. If an off-center force is exerted on the 

slide, the slide tilt is sensed and the servo valve 
is triggered. The control system increases the 
pressure on the underside of the cylinder acting 
on the leading side, due to the diagonal connec- 
tion on the opposite cylinder. At the same time, 
the pressure in the other two chambers is re- 
duced. A moment has been generated by force 
couple (i.e., Fl = -F,), so that the sum of forces 
is neutral. This system can be more energy effi- 
cient because it is not generating any force re- 
sisting the slide motion. However, the parallel- 
ism by this system is limited to 0.6 to 0.8 mm/m 
(0.02 to 0.03 in./ft) (Ref 12.1). 

12.4 Hydraulic Press Designs 

The frame of the press is the main structure 
that carries all the forces generated by the press 
and has to provide guidance of the slide. Similar 
to other presses, hydraulic presses can also be 
built in gap frame (also known as C-frame or 
open frame; Fig. 12.18a) or straight side (closed 
frame; Fig. 12 .18~) .  Hydraulic presses are also 
built in a special frame type, where the frame 
itself is a number of columns (depending on the 
design, generally two or four columns are used) 
that are both holding the bolster plate and guid- 
ing the slide. This is named as column-type 
frame, as illustrated in Fig. 12.18(b). 

(a) (b) (c) 

Fig. 12.1 8 Hydraulic press frames: (a) gap frame, (b) column type, and (c) straight side. Source: Ref 12.14 
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(a1 (b) 

Fig. 12.1 9 Parallelism control systems: (a) with applied force and (b) without applied force. Source: Ref 12.1 

Hydraulic Presses by Function 

Hydraulic presses are very versatile com- 
pared to mechanical presses. It is also much 
easier to develop double/triple action, compared 
to mechanical presses with complex toggle 
drives. For this reason, they are used in many 
different applications. 

Deep Drawing Press. In deep drawing op- 
erations, the slide is pushing against the cush- 
ion. To do this, some energy is spent in cushion 
(Ecushion), and then that amount of energy is spent 
in slide to overcome the cushion force and ad- 
ditional energy to form the part (Eslide = Ecushion + 
Eforming). Thus, the overall energy would be an 
addition of both. To make a deep drawing press 
more efficient, it can be equipped with eco- 
cushions (Fig. 12.20). In this cushion system, 
cushion cylinders are connected to secondary 
cylinders that move the slide, so as the blank 
holder force increases, the same amount of 
force moves the slide down. By this method, it 
is possible to downsize the total electric capac- 
ity for the press by -30%. More important, as 
the energy efficiency is increased, the hydraulic 
fluid does not generate as much heat as a deep 
draw press without eco-cushion. The cooling 
system can be downsized drastically (Ref 12.3, 
1 2.26) . 

Fine Blanking Presses. Fine blanking is a 
precision blanking process, where the cut edge 
is very smooth. A typical fine blanking press is 
required to: 

Fig. 12.20 A deep drawing press with eco-cushion. 
Source: Ref 12.3 

Generate three forces: (a) the blanking force, 
(b) the ring indenter (v-ring) force, and (c) 
the counterforce 
Rigidify the frame with precise guides 

Have a tool safety system 
Have automation systems (for quick die 
change, pardslug removal, etc.) 

Control ram movement 

Small presses (up to 2500 kN, or 275 tons) 
are generally built with a bottom-drive knuckle 
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joint mechanism for the main slide (i.e., blank- 
ing force is generated by the mechanism), and 
two hydraulic cylinders are used to generate the 
other two forces (the V-ring force and the coun- 
terforce). Larger presses (up to 14,000 kN, or 
1540 tons) are generally built with all three ac- 
tions hydraulic (as in Fig. 12.21) and are driven 
by an accumulator drive (Ref 12.1, 12.2). 

Another important advantage of fully hydrau- 
lic fine blanking presses is that they can be built 
with a “die-independent pressure-sensing sys- 
tem.” The system can sense even a very small 
increase in the counterforce cylinder pressure 
and therefore can detect if any foreign object 
was left in the die (which is possible because 
slugdparts from previous strokes may have 
been left in the die area). If the system detects 
no foreign objects, then it activates the high- 
pressure accumulator to initiate the main (blank- 
ing) slide movement. 

Hydroforming Presses. Hydroforming is a 
sheet metal or tube forming process where the 
workpiece is formed under high pressure of 
fluid. There are several types of hydroforming 
processes, mainly: 

Sheet hydroforming with punch (SHF-P, also 
known as hydromechanical deep drawing), 

where the sheet metal is clamped between a 
pot and a blank holder. The deformation is 
carried out by the punch. 
Sheet hydroforming with die (SHF-D), where 
the blank is clamped and the deformation is 
carried out by pumping high-pressure oil 
into the pot 
Tube hydroforming (THF), where a tube is 
clamped between upper and lower dies and 
pressurized for the deformation 

For SHF-P, a double-action press is required 
for clamping and forming (moving the punch). 
Often a second hydraulic unit is used to control 
the pressure inside the pot (Fig. 12.22a). For 
SHF-D and THF, the press is required only to 
clamp the upper and lower tools. The deforma- 
tion is done by high-pressure fluid (Fig. 12.22b), 
which is on the order of 200 MPa (30 ksi) or 
even more and is supplied by an intensifier. 

Both in SHF-D and THF applications, very 
high pressure is generated in the tool. There- 
fore, high clamping forces are required to keep 
the upper and lower tools in position. Typically 
a column-type or straight-side conventional hy- 
draulic press can be used for hydroforming. The 
upper die can be attached to the slide, and the 
press could generate the clamping force (Fig. 

V-ring pistori 

Central support 

Counierforce pision 

Slide gih 

Actuating motor 

Positive stop 

Msrn Iblanking) piston 

Slide gib 

Fig. 12.21 Hydraulic fine blanking press. Source: Ref 12.1 
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12.23a). However, such systems are not pre- 
ferred for mass production applications because 
a long stroke cylinder cannot generate the nec- 
essary high clamping forces, and clamping time 
would take a long time. To avoid such disadvan- 
tages, hydraulic clamping presses are designed 
where the upper tool is stationary and lower tool 
is attached to a short stroke cylinder (Fig. 
12.2313). In THF applications, a long stroke is 
required to load/unload the workpiece. For this 
purpose, hydromechanical clamping presses 
(Fig. 12 .23~)  were designed where a long stroke 
cylinder with low force closes the tools. Fur- 
thermore, this main cylinder may perform some 
preforming operations. After the die closes, 
spacer cylinders are moved between the slide 
and the frame, and then the short stroke clamp- 
ing cylinder is activated (Ref 12.1, 12.23, 12.33). 

Tryout Presses. Operation of a large press 
line may cost several thousand dollars per hour. 

Therefore, when a new die set is to be put in 
production, it might be more economical to try 
it out in a so-called tryout press (Fig. 12.24) to 
minimize the die setup time on the production 
line. If any reworking is required for flawless 
production, this should be done at the tryout 
stage (also known as die spotting). A tryout 
press can be mechanical or hydraulic and should 
be able to emulate the speed characteristics and 
behavior of die cushion in the real production 
line. Hydraulic presses are often preferred be- 
cause they are more cost efficient and offer high 
energy capacity and controllable slide motion. 
These presses are often equipped with moving 
bolsters, quick die change systems, and rotating 
slide plate to make reworks and die changes 
easier and faster (Ref 12.1, 12.25). 

To be able to simulate high slide velocities of 
production press, most hydraulic tryout presses 
are accumulator driven. A problem, however, 

Fig. 12-22 Sheet hydroforming scenarios: (a) sheet hydroforming with punch. Source: Ref 30. (b) and (c) initial and final phases 
of sheet hydroforming with die. Source: Ref 12.31 

Fig. 12-23 Presses for hydroforming: (a) conventional hydraulic press, (b) hydraulic clamping press, and (c) hydromechanical 
clamping press. Source: Ref 12.19 
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with the tryout presses is that the elastic deflec- 
tion of the press cannot be emulated in these 
presses, unless a controlled parallelism system 
is installed. In such presses, the parallelism sys- 
tem is set such that it can tilt the slide to emulate 
the conditions in production press (Ref 12.25). 

Presses for Warm Forming and Hot 
Stamping. Warm forming (i.e., forming materi- 
als at elevated temperature without changing 
the microstructure) and hot stamping (i.e., form- 
ing special alloy steels at elevated temperature 
and quenching within the die to form martens- 
itic microstructure) require the press to be able 
to control the speed, because the material is 
strain rate dependent at elevated temperatures, 
and to control the dwell when needed. In warm 
forming, dwell is used to heat the workpiece, 
and in hot stamping dwell is needed for quench- 
ing. A conventional double-action hydraulic 
press or a single action hydraulic press with 
cushion can be used for these operations. 

In hot stamping applications, fast forming 
stroke is followed by a long quenching (dwell) 
cycle that makes this application a good candi- 
date for an accumulator-driven hydraulic press. 
In a selected application described by Karlsson 

depending on the drive, the forming cycle was 
either 1 or 3 s. Considering the total time (12 
instead of 14 s ) ,  about a 16% increase in output 
was achieved (Fig. 12.25). Another recent ap- 

Fig. 12-24 A tryout press with moving bolster and rotating 

Source: Ref 12.1 

(Ref 12.34) the quenching time was l1 s v  and 
slide plate to allow quick reworking of the dies. 

,--. 
E 
E 
W 
Y e 
G 

Time (s) 

Fig. 12.25 Hot stamping cycle time of a direct-driven and accumulator-driven hydraulic press. Source: Ref 12.34 
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plication is to use flywheels so that when the 
press is idle at quenching stage the energy can 
be stored to flywheels. When the press needs 
high energy in forming or return cycles, energy 
can be drawn from the flywheels. Approxi- 
mately 50% energy could be saved by using fly- 
wheel hydraulic presses (Ref 12.35). 
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CHAPTER 13 

Cushion Systems for 
Sheet Metal Forming 
Hari Palaniswamy, Altair Engineering, Inc. 
Lars Penter, Technical University of Dresden 

IN DEEP DRAWING, the sheet metal blank 
is subjected to restraining force at its periphery 
by the blank holder while it is forced to flow 
into the die cavity by the punch (as discussed in 
Chapter 8, “Deep Drawing of Round and Rect- 
angular Cups,” in this book). The quality of a 
formed part is determined by the amount of 
material drawn into the die cavity. An excess 
material flow will cause wrinkling; insufficient 
material flow will cause tearing or fracture (Fig. 
13.1). 

Blank holder force (BHF) plays a key role in 
controlling material flow. When estimated cor- 
rectly, BHF provided by the press cushion sys- 
tem can prevent wrinkling and tearing in the 
formed part (Ref 13.1). In some cases a custom- 
built cushion system in the tooling provides the 
necessary force for the blank holder. Presses 
used for deep drawing could be either single ac- 

Blank holder force, kN 

Fig. 13.1 Potential failure modes in deep drawing that are 
influenced by blank holder force 

tion or double action ( in some cases triple ac- 
tion) and have either mechanical or hydraulic 
drives. Accordingly, the cushion construction 
and its characteristics differ (Fig. 13.2). 

13.1 Blank Holder Systems in Double- 
Action Presses 

Double-action presses have two slides, inner 
and outer, which operate independently in the 
same direction. In deep drawing, the motions of 
the inner and outer slides have to be synchro- 
nized. 

An example of a deep drawing tooling 
mounted on a double-action press is shown in 
Fig. 13.3(a). The die sits on the press bed, the 
blank holder is attached to the outer slide, and 
the punch is attached on the inner slide. At the 
start, the blank is placed on the die cavity. The 
inner slide and the outer slide move together. 
The blank holder attached to the outer slide first 
contacts the sheet and wraps it against the die by 
applying the preset BHF. At this time the punch 
is slightly offset from the sheet (Fig. 13.3b). 

Figure 13.3 (c) represents the drawing pro- 
cess, in which the punch moves down and forms 
the sheet against the die cavity. During the pro- 
cess, the blank holder continues to be in contact 
with the blank and applies the preset BHF. Fig- 
ure 13.3(d) represents the end of the process, 
when the inner slide retracts, followed by outer 
slide, to the initial position. 
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(4 W 

Fig. 13.2 Overview of blank holder force generating systems in sheet forming presses: (a) double-action and (b) single-action 
presses 

Bolster plate 

(4 

Fig. 13.3 Schematic of double-action deep drawing die: (a), initial setup (b), closing the tool (c), forming the part, and (d) end of 
drawing. Source: Ref 13.2 

Mechanical Presses. The displacement char- 
acteristics of both the inner and the outer slides 
are substantially different during a single cycle 
of the forming operation. Therefore, different 
but synchronized mechanical linkage mecha- 
nisms are used to move the inner and outer 
slides. 

Displacement of Inner and Outer Slide. Fig- 
ure 13.4 shows the displacement versus crank 
angle characteristics for both inner and outer 
slides of a double-action press. The outer slide, 
which holds the blank holder, reaches bottom 

dead center (BDC) at a crank angle of 80" and 
remains there until 220". While resting at BDC, 
the blank holder clamps the blank against the die 
and applies the BHF. At the same time, the punch 
forms the part into the die cavity (Ref 13.3). 

Forces Exerted by the Outer and Inner Slide. 
During forming, the outer slide applies a BHF, 
determined by the die and blank holder geome- 
try as well as by the slide setting. During the 
forming process, the forces acting on the punch 
and the die change with stroke, depending on 
the part geometry, sheet thickness, material, and 
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so forth. The punch reaches its maximum value 
at the end of the forming process, when the part 
corners are coined to obtain the desired part ge- 
ometry. The process forces cause the die, punch, 
linkage mechanism, and press frame to deflect 
elastically. The deflection causes an increasing 
gap between blank holder and die as it changes 
the position of BDC of the press. As a result, the 
BHF, applied by the outer slide, decreases with 
increasing forming force (Fig. 13.5). In some 
cases the BHF may decrease up to 40%, de- 
pending on the punch force. The deflections of 
the press and the tool are proportional to the 
press stiffness. The decrease in BHF can be re- 
duced by the press and slide design (Ref 13.3, 
13.4). The inability to control the BHF accu- 
rately is one of the main disadvantages of con- 
ventional double-action presses used in deep 
drawing operations. Furthermore, stamped parts 
need to be turned upside down in a separate 
forming station before successive operations 
can be performed (Ref 13.5). 

Adjustment of the Blank HoldeL In modern 
double-action mechanical presses, the decrease 
in BHF during deep drawing operations may be 
corrected by the short-stroke hydraulic cylin- 
ders located between the linkage mechanism 
and the outer slide (Fig. 13.6). The hydraulic 
cylinders are connected to an accumulator. Dur- 
ing the forming process, the deflection of the 
press system by higher forming forces results in 
small retraction of the drive link, which in turn 
decreases the applied BHF. The negligible link 
dsplacement due to elastic deflection is com- 
pensated by the fluid pressure from the accumu- 
lator, thereby providing the specified BHF (Fig. 
13.6) (Ref 13.6). 

Hydraulic Presses. Hydraulic presses are 
discussed in detail in Chapter 12, “Hydraulic 
Presses,” in this book. In double-action designs, 
independent pressure cylinders actuate inner 
and outer slides. The cylinders that apply the 
BHF are independently controlled and compen- 
sate for the elastic deflections of the dies and 

Crankshaft rotation, 8, deg 

Fig. 13.4 Stroke length (or displacement) in inches (or mm) versus crank angle (or crankshaft rotation) in a double-action press 
with slider crank mechanisms for inner slide (h) and six-bar linkage for outer slide (s) .  Source: Ref 13.3 
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Fig. 13.5 Force characteristics of a mechanical double-action press. Source: Ref 13.3 
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Side upright 

- Without compensation Drawing path - Blank holder micro adiustment 
with constant nominal value 

Fig. 13.6 Schematic of the blank holder force adjustment and its effect on the blank holder force. Source: Ref 13.6 

blank holder. Thus, the double-action hydraulic 
press overcomes the deficiencies of a double- 
action mechanical press and is better suited for 
deep drawing applications. 

13.2 Single-Action Presses with 
Cushion System 

In single-action presses, the die cavity is at- 
tached to the slide. The punch sits stationary on 
the press bed. The blank holder is supported by 
the die cushion system, which provides the 
BHF. Most commonly, the BHF is generated by 
one or more pneumatic or hydraulic cylinders 
and is transmitted via the pressure box (also re- 
ferred to as the cushion table) and cushion pins 
to the blank holder. The die cushion system is 
located in the press bed (Fig. 13.7). 

At the start, the blank holder sits in the upper 
position with the blank placed on it (Fig. 13.7, 
right). The ram comes down and holds the blank 
between the blank holder and the die cavity. As 
the ram proceeds farther down against the resis- 
tance offered by the die cushion, the punch 
touches the sheet and forms it against the die 
cavity (Fig. 13.7, left). During the return part of 
the stroke, the die retracts, the die cushion 
moves up, and the blank holder strips the formed 
part from the punch. 

Ram 
(active system) 

Upper part of die 

Blank 

Blank holder 

Drawing punch 

Pressure pin 

Drawing cushion 
(passive system) 

Fig. 13.7 Schematic of single-action deep drawing opera- 
tion. Source: Ref 13.2 

Pneumatic Cushions 

In pneumatic cushion systems, the BHF is 
generated by moving a piston against com- 
pressed air in an enclosed cylinder (Fig. 13.8). 
Pneumatic cylinders are seldom used in modern 
presses because the maximum pressure in such 
a system is limited to 16 bar (240 psi) and a 
very large piston area is needed to generate the 
required force (Ref 13.7). Furthermore, it is 
relatively difficulty to control a pneumatic cush- 
ion because the air is very compressible. 

In pneumatic cushion systems, the piston of a 
pneumatic cylinder is always under pressure. 
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Pneumatic cylinder 

Proportional 
control valve 

Fig. 13.8 Principle of pneumatic cushions. Source: Ref 13.2 

Therefore, the required BHF is applied instanta- 
neously when the die establishes contact with 
the blank holder. As a result, depending upon 
the ram speed, the initial impact of the ram on 
the blank holder/pneumatic cylinder piston 
causes the BHF to oscillate. Oscillations of 
BHF reduce tool life and can also damage the 
surface of the formed part. In order to diminish 
the influence of the BHF oscillation on the 
forming process, the lead travel of the blank 
holder is increased, so that the punch starts 
forming the part after the BHF oscillations are 
dampened (Ref 13.8). 

Hydraulic Cushions 

In hydraulic cushion systems, the required 
BHF is generated by the oil pressure. The BHF 
can be controlled by controlling the oil flow 
from the cushion cylinder with a proportional 
valve (Fig. 13.9). The energy generated during 
blank holding is dissipated as heat in the hy- 
draulic cushion system. 

A typical hydraulic cushion system with two 
cylinders in a single-action press is shown in 
Fig. 13.10. The blank holder (labeled 5) is sup- 
ported by the cushion pins (6 and 7), which sit 
on the pressure box (8). The pressure box slides 
up and down during the forming process and is 
guided (10). The downward motion of the pres- 
sure bodcushion cylinder is controlled by the 
displacement piston ( l l) ,  which is attached to 
the pressure box and slides inside the displace- 
ment cylinder (13) that provides the applied 
BHF. The pressure inside the displacement cyl- 
inder is controlled by the fluid flow from the 
cylinder, which is regulated by valve on the hy- 
draulic control block (14). In Fig. 13.10, two 
displacement cylinders equally share the ap- 
plied BHF and control the motion of the blank 
holder during the forward stroke. The return 
motion of the pressure box is controlled by the 

Fig. 13.9 Principle of hydraulic cushions. Source: Ref 13.2 

3 

Fig. 13.1 0 Components of the hydraulic cushion system: 
1. ram: 2. eiector: 3. uooer die: 4. ounch: 5. 
I I I , I I , , I , ,  I I 

blank holder; 6, pressure pins in die; 7, pressure pins in drawing 
cushion; 8, pressure box; 9, lifting piston rod; 10, die cushion 
guide; 11, displacement piston; 12, overflow tank 13, displace- 
ment cylinder; 14, hydraulic control block; 15, mechanical 
stroke limitation. Source: Ref 13.2 

lifting piston rod (9), which slides inside the 
lifting cylinder, while the displacement cylinder 
passively follows the pressure box during the 
return stroke. The lifting piston rod has a me- 
chanical stroke limitation (15), which limits 
both forward and return strokes of the entire 
cushion system. 

Force Characteristics of Hydraulic Cush- 
ions. The pressure in a hydraulic cylinder is 
generated by compressing the hydraulic fluid in 
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the cylinder; it is controlled by regulating the 
fluid flow from the cylinder. When the cushion 
is inactive prior to contact with the die, the pres- 
sure in the cylinder is defined by the weight of 
the cushion system. When the blank holder 
comes into contact with the die, the cushion cyl- 
inders start to build up the pressure. Because of 
the compressibility of the hydraulic fluid, there 
is a slight delay before the required blank holder 
pressure is built up. The high velocity impact of 
the die on the stationary blank holder causes a 
pressure overshoot in the die cushion cylinders 
and the BHF. The BHF can be changed with 
stroke during the forming process. However, the 
rate of this change is limited by the inherent in- 
ertia of the hydraulic system. Nevertheless, most 
hydraulic cushion systems have sufficiently fast 
response time to operate successfully in a me- 
chanical press. 

Preacceleration and Delayed Return Mo- 
tion. The impact of the moving die on the sta- 
tionary cushion results in higher forces, may 
&stub the lubricant film on the blank, and re- 
duces the life of the blank holder and the cush- 
ion. In order to prevent these consequences, 
modern die cushions can be preaccelerated to 
minimize or even eliminate the relative velocity 
between the blank holder and the die during the 
initial contact. In such a system, the cushion be- 
gins to travel downward before the die estab- 
lishes contact with the blank (Fig. 13.11). Re- 
ducing the relative velocity between the moving 

die and the stationary blank holder also reduces 
the impact forces. 

In modern cushion systems, the return mo- 
tion of the die cushion is activated by a lifting 
piston rod (labeled 9 in Fig. 13.10). After the 
forming operation, the return motion of the die 
cushion is delayed at the BDC to avoid back-to- 
back contact of the blank holder with the formed 
part (Fig. 13.11). 

Energy Recovery from the Hydraulic Cush- 
ion. During the forming process, the energy 
used to apply the BHF by compressing the hy- 
draulic fluid is released as heat in the hydraulic 
system. This heat release results in wasted en- 
ergy and heating of the hydraulic oil, requiring 
oil cooling systems. In order to prevent this 
problem, modern hydraulic cushions are de- 
signed to reuse the generated energy in the press 
drive system. In mechanical and servo-drive 
presses, the cushion energy can be saved by us- 
ing hydraulic motors that drive small generators 
(see Fig. 11.30 in Chapter 11, “Electromechani- 
cal Servo-Drive Presses,” in this book). 

In a hydraulic press application, additional 
compensation cylinders on the slide are aligned 
with each cushion cylinder. Each cushion cylin- 
der and its corresponding compensation cylin- 
der are hydraulically connected with a servo 
valve and an accumulator (Fig. 13.12). During 
the rapid advance of the slide, before it comes 
into contact with the blank holder, the compen- 
sating cylinder and slide cylinders are filled 

Ram stroke 

Die cushion stroke 

\ Preacceleration 

I D r a w n g I  operation I Pickup position I Crank 

Fig. 13.1 1 Example ram displacement and cushion displacement over crankangle of a mechanical press with preaccelerated die 
cushion. Source: based on Ref 13.9 
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Fig. 13.1 2 Schematic of an energy-saving cushion in a 
single-action hydraulic press. Source: Ref 13.1 0 

with hydraulic fluid from the tank using a prefill 
valve. Once the die touches the blank holder, 
the prefill valve is closed for both the compen- 
sating and slide cylinder. The pressure in the 
slide cylinder is generated by either an accumu- 
lator or a pump-driven system. The compensa- 
tion cylinders are connected to the hydraulic 
line from the corresponding cushion cylinder, 
and the pressure required to apply the necessary 
force is initially generated by additional fluid 
from the accumulator through a servo valve. 
During further motion of the slide, the fluid dis- 
placed from the cushion cylinder is fed directly 
to the compensation cylinder, thereby adding 
capacity to the slide; energy used to apply the 
BHF is thus not wasted but recovered. 

Factors Affecting Force Flow in 
Cushion Systems 

In a single-action press, part of the force ap- 
plied by the die is transmitted through the sheet 
to the blank holder and from the blank holder 
through the cushion pins to the pressure box. 
The pressure box is supported by one or more 
cylinders, which generate the BHF on the sheet 
(Fig. 13.13). 

Since all machine parts are more or less elas- 
tic, the elastic deformation of the parts involved 
in the force flow affects the BHF dstribution on 
the sheet, often at an unacceptable level (Ref 
13.11). Various factors have an impact on the 
deformation of the cushion system: 

Fig. 13.1 3 Typical force flow diagram of a single-action 
press with in-press die cushion system. Source: 

Ref 13.2 

Variation in Pin Heights. Cushion pins 
transmit force between blank holder and the 
pressure box. If there are differences in pin 
heights, then only the taller pins establish con- 
tact with both the blank holder and pressure box. 
Thus, only the taller pins transmit the applied 
force, while the shorter pins sit on the pressure 
box surface without coming into contact with 
the blank holder (Fig. 13.14). This leads to high 
contact pressure at the sheet-die interface near 
taller pins and negligible or no contact pressure 
at sheet-die interface near shorter pins. This 
nonuniform pressure distribution can result in 
an undesired pressure distribution in the blank 
holder, which may in turn cause unpredictable 
fracture or wrinkling in the deep drawn part. 
Studies have shown that the force transmitted by 
individual pins is very sensitive to pin height 
and the total applied BHF. With higher BHF, 
forces transmitted by taller pins result in local 
deflection, causing smaller pins to come into 
contact with the blank holder. As a result, the 
forces transmitted by the pins were more uni- 
form compared to force transmitted by individ- 
ual pins at lower BHF (Ref 13.11). The wear 
and tear of the pins due to continuous usage also 
affects the deflections in the blank holder. The 
use and maintenance of cushion pins are there- 

* Variation in the height of the cushion pins 
Slide tilting due to off-center loading 
Deflection of the cushion table/pressure box 
due to off-center loading 

fore important in controlling part quality in deep 
drawing with hydraulic cushions. 

Slide Tilting Due to Off-Center Loading. 
Off-center loading during deep drawing may 
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Fig. 13.1 4 Effect of variation of pin height on the force transmitted by individual pins. Source: Ref 13.6 

Forming 
force 

occur because of the shape of the formed part, 
resulting in tilting of the slide. Off-center load- 
ing is more common in a single-slide transfer 
press where several dies that perform different 
operations are attached to the same slide. Each 
operation requires maximum load at different 
instants during stroke, and ram tilting may re- 
sult. This slide tilting may cause loss of contact 
between the sheet and blank holder at certain 
locations and may give higher contact pressure 
at other locations. As a result, the force distribu- 
tion on the cushion pins also changes, causing 
tilting of the pressure bodcushion table (Fig. 
13.15) (Ref 13.5, 13.11). 

Deflection of Pressure Box. The majority 
of pressure boxes built in stamping presses are 
supported by four cushion cylinders in the cor- 
ners, which provide the cushion force. How- 

cation of the cushion pins on the pressure box 

Fig. 13.1 5 Schematic of rain and blank holder tilting in 
single-action press due to off-center loading. 

Source: Ref 13.5 
ever, depending on the part geometry, the lo- 
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varies and may not be symmetric. Hence the 
loading on the pressure box also will not be 
symmetric, and the box may be deflected (Fig. 
13.16). 

Compensation for Pin Height Variation 
and Slide Tilting. Reference 13.6 used hydrau- 
lic cylinders to compensate for pin height varia- 
tions. Reference 13.13 used servo-motor-driven, 
height-adjustable cushion pins with load cells 
mounted on the pressure box. This system com- 
pensates for the variation of the height in cush- 

Slight 
deformation 

Fig. 13.1 6 Schematic of deflection ofthe pressure box due 

Source: Ref 13.12 
to nonuniform loading of the cushion pins. 

Single-point cushion system 

ion pins and adjusts the height of pins such that 
the forces transmitted by the pins are all equal. 
These measures, developed to compensate for 
the height variations in cushion pins, help to im- 
prove process control in deep drawing, but they 
add additional complexity and costs to the cush- 
ion designs. 

13.3 Multipoint Cushion (MPC) 
Systems 

In deep drawing large body parts, metal flow 
into the die cavity is nonuniform. Therefore, 
BHF that varies by location on the blank holder 
can control metal flow and part quality more 
accurately. For this reason, modern cushion sys- 
tems include multipoint control capabilities. 

In-Press Systems 
Designs of multipoint cushion systems can be 

broadly classified into two types: (a) cushion 
systems that transmit the cylinder force through 
the pressure box and cushion pins to the blank 
holder, and (b) cushion systems that directly ap- 
ply the cylinder force to the blank holder. In 
type (a), more cylinders are added to the pres- 
sure box to provide the BHF. Each cylinder is 
independently controlled and can apply a differ- 
ent force, thereby achieving the variation of 
force in space. The number of cylinders added 
to apply force on the pressure box ranges from 
four to eight (Fig. 13.17). 

Four-point cushion system 

Six-point cushion system Eight-point cushion system 

Fig. 13.1 7 Layout of single-point, four-point, six-point, and eight-point cushion system built in the press. Source: Ref 13.2 
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In type (b), the cushion cylinders directly ap- 
ply the BHF to the blank holder in the absence 
of pressure box and cushion pins (Fig. 13.18). 
Each cylinder is independently controlled so 
that the BHF can vary with location. 

One of the most successful applications of an 
MPC system worldwide is in the deep drawing 
of stainless steel sinks. In this application, the 
material flow is regulated precisely (Fig. 13.19). 
In order to provide accurate performance even 

Fig. 13-18 Schematic of the cushion system built in the 
die. Source: Ref 13.1 5 

under highly eccentric loads, the ram is clamped 
against hard stops and the BHF is applied by 
short-stroke cylinders. 

In the manufacturing of stainless steel sinks, 
high surface quality, especially in the flange 
area, is required; that is, no visible wrinkles are 
allowed (Ref 13.11). In general, the flange areas 
on the long sides tend to wrinkle because of 
blank holder pressure reduction caused by sheet 
kckening in the flange corners. The stability of 
the bridge area is very sensitive; no material can 
be fed into the cavity from this region. There- 
fore, the blank holder pressure has to be very 
high in this area to prevent material flow (Fig. 
1 3.20) . 

In-Die Systems 
Pressure distributions similar to the one shown 

in Fig. 13.20 can also be achieved by using an 
electronic shimming that is built into the die 
(Ref 13.14). This application uses a plate ap- 
proximately 3 in. thick with built-in membranes 
that transfer the hydraulic pressure to the ap- 
propriate areas of the blank holder. Other in-die 
systems use hydraulic or nitrogen cylinders, lo- 
cated in the die shoe. 

Systems with Hydraulic Cylinders. Single- 
action and double-action hydraulic cylinders 
can be mounted on the die shoe and used as 
cushion cylinders to apply the BHF. Hengel- 
haupt et al. (Ref 13.15) from Institut fur Umfor- 

Die 

Drawn part 

Hard slop 

Punch 

Tool base plate 

MPC unit 

Drawing 
motion via 
punch stroke 

Forming 
cylinder 

Fig. 13.1 9 Deep drawing of stainless steel sinks with multipoint cushion (MPC) technology. BHF, blank holder force. Source: Ref 
13.1 1 
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mtechnik at Universitat (IFU) Stuttgart in coop- 
eration with Moog Inc. and HYDAC, as part of 
the research project USCAR, developed a hy- 
draulic built-in die cushion system for part ge- 
ometry (Fig.13.18). The system has 10 hydrau- 
lic cylinders. Each cylinder is independently 
controlled and can generate a BHF varying with 
stroke. The system can be operated in both me- 
chanical and hydraulic presses. Preacceleration 
and delayed return functions are achieved by 
double-action cylinders. This research unit has 
a closed-loop control to adjust the BHF auto- 
matically based on punch force and wrinkles in 
the flange area of the stamping. This unit illus- 
trates the principles of commercially available 
MPCs. 

A similar system was built for practical-part 
geometry (GM inner lift gate) with 26 indepen- 
dently controlled hydraulic cylinders, as part of 

the same research program (Ref 13.16). The En- 
gineering Research Center for Net Shape Manu- 
facturing at The Ohio State University devel- 
oped a hydraulic built-in die cushion system 
that uses an accumulator as hydraulic power 
source (Fig. 13.2 1). This system also illustrates 
the design principles of modular MPC systems, 
which are used in many commercial presses. 
The hydraulic cushion cylinder is connected to 
the accumulator by a servo valve, a check valve, 
and a relief valve. During forming, as the cylin- 
der is moving downward, the servo valve con- 
trols the fluid flow from the hydraulic cylinder 
to the accumulator, thereby maintaining the de- 
sired pressure in the hydraulic cylinder to pro- 
vide the BHF. The spool position in the servo 
valve is computer controlled based on the mea- 
sured line pressure and the stroke of the slide. 
Thus, the user can define a force-stroke profile. 

Fig. 13-20 Schematic of (a) blank holder pressure distribution and (b) stainless steel sinks produced using MPC technology. 
Source: Ref 13.1 1 

Hydraulic 
cylinder 

N itrogen- 
charged 

accumulator 

Fig. 13-21 Schematic of hydraulic built-in die cushion system using an accumulator as power source, developed at the Engineer- 
ing Research Center for Net Shape Manufacturing. Source: Ref 13.1 7 
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During the return stroke, the fluid from the ac- 
cumulator is used to fill the cylinder and lift the 
blank holder back to the top dead center (Ref 
13.18). 

A Force Modulator System supplied by Met- 
alforming Controls Corporation (Ref 13.19) 
consists of hydraulic cylinders connected with a 
common manifold, which is provided by a hy- 
draulic power source (pump, tank, and accumu- 
lator). The tonnage of each cylinder can be con- 
trolled and can vary with stroke. The entire unit 
rests in a lower die shoe. The hydraulic cylin- 
ders provide preacceleration to avoid initial im- 
pact, and bottom delay to avoid pad bounce as 
in press cushions (Ref 13.20). 

Systems with Nitrogen Cylinders. The prin- 
ciple of nitrogen cylinder cushions is similar to 
pneumatic cushions, except that instead of com- 
pressed air, compressed nitrogen gas is used as 
a pressurizing medium. The design of nitrogen 
cylinders is such that the cylinder force does not 
increase significantly with the piston displace- 
ment (Fig. 13.22). Furthermore, nitrogen cylin- 
ders offer high load density and allow compact 
packaging in the die. They are therefore pre- 
ferred to mechanical springs. 

The three most common designs of nitrogen 
cylinders used in cushions are (a) one-chamber 
design, (b) two-chamber design, and (c) modi- 
fied two-chamber design. 

The one-chamber system consists of the pis- 
ton sliding against the compressed nitrogen gas 
in the cylinder (Fig. 13.23a). During the down- 
ward motion, the piston is guided in the cylin- 

t 

der, and the area above the piston is exposed to 
atmosphere. Since the gas is trapped in the cyl- 
inder, the pressure increases, and this increase 
leads to an increasing force-stroke curve. The 
pressure inside the cylinder can increase by as 
much as 70% of the initial cylinder pressure. 
One-chamber systems are commonly used for 
short-stroke applications (Ref 13.23). 

Two-chamber systems consist of a piston that 
compresses nitrogen gas in a cylinder as in a 
single-chamber design (Fig. 13.2313). However, 
during the downstroke, the volume above the 
piston is filled with nitrogen gas from the lower 
chamber. The gas flows through the valves in 
the piston head. The gas flow reduces the com- 
pression of the gas and the buildup in pressure 
beyond the charge pressure. Thus, the force ap- 
plied by the cylinder is relatively constant, with 
a maximum increase of 10 to 20%. Two- 
chamber systems are commonly used for large- 
stroke applications. In the modified two- 
chamber design, valves at the top and bottom of 
the cylinder allow the gas to flow in and out of 
the chamber above and below the piston during 
the downward motion. However, there is no 
valve in the piston head to connect the two 
chambers, so it is possible to maintain two dif- 
ferent pressures at either side of the piston. 

The use of nitrogen cylinders as a cushion 
system can be broadly classified into two types: 
(a) autonomous (Fig. 13.24a) and (b) system in- 
stallation (Fig. 13.2413). Autonomous systems 
consist of independent nitrogen cylinders that 
are not attached to an external circuit. System 

A 

0 20 60 70 100 

Spring displacement, % 

Fig. 13.22 Force characteristics of nitrogen springs compared to other springs. Source: Ref 13.21 
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Piston rod and piston 

(a) (b) 

Fig. 13.23 Schematic of (a) one-chamber nitrogen cylinder and (b) two-chamber system. Source: Ref 13.22 

Piston rod seal 

Fig. 13-24 Schematic of common types of nitrogen cylinder installed as cushions: (a) autonomous gas spring and (b) gas spring 
system cylinder. Source: Ref 13.13. 

installations are characterized by nitrogen cylin- 
ders that are attached to a surge tank; gas flows 
from the cylinder to the tank during the piston’s 
downstroke. 

In a self-contained gas spring, each autono- 
mous nitrogen cylinder is charged indepen- 
dently to the desired pressure and bolted onto 
the lower die shoe. The cylinders operate inde- 
pendently from each other. 

In hosed systems, the autonomous cylinders 
are connected by a hose to a control valve that 
allows the cylinders to be charged and dis- 
charged simultaneously. The same pressure is 
maintained in all hosed cylinders (Ref 13.23). 

In a manifold system, nitrogen cylinders are at- 
tached to a metal plate that has a large-diameter 
metal hose connecting all the cylinders and act- 
ing as an accumulator (Fig. 13.25) (Ref 13.24). 
The metal plate has a control panel that allows 
charging and discharging of all the cylinders si- 
multaneously. The presence of accumulator-like 
features reduces the increase in the pressure dur- 
ing the downward stroke to a maximum of 10 to 
20%, depending on the forming velocity (Ref 
13.23). 

In controllable nitrogen cylinders, it is possi- 
ble to reduce the cylinder pressure with the pis- 
ton stroke (Fig. 13.26). During the downstroke, 
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the nitrogen gas in the bottom chamber is forced 
to pass through a flow control valve and a two- 
way flow valve to reach the top chamber. Ini- 
tially the flow control valve is closed leadmg to 
a pressure increase. Once the valve is opened, 
the force decreases drastically as the pressure in 
the bottom chamber decreases due to the gas 
flow into the top chamber, where the gas exerts 
an opposite force on the piston head. Replacing 
the flow-controlled valve with a servo valve and 
a closed-loop control system enables nitrogen 
cylinders to follow user-defined force-stroke 
curves (Ref 13.21, 13.23). 

Preacceleration to avoid initial die impact can 
be achieved with nitrogen cylinders, equipped 
with hydraulic timing cylinders (Fig. 13.27). 
The nitrogen cylinder attached to the blank 
holder is connected to the timing cylinder via a 
hydraulic circuit. The cross-sectional area of the 
timing cylinder is less than the cross-sectional 
area of the nitrogen cylinder. During the down- 
stroke, the slide first comes into contact with the 
timing cylinder pin and compresses the hydrau- 
lic fluid from the timing cylinder to the top 

Metal plate 

Fig. 

chamber of the nitrogen cylinder. Because of 
the differential pressure in the nitrogen cylinder 
chambers, the piston tends to move down, re- 
sulting in downward motion of the blank holder. 
The relative velocity between slide and blank 
holder depends on the amount of fluid flow 
from the timing cylinder, the cross sectional ar- 
eas of the timing cylinder, and the nitrogen cyl- 
inder. Since the cross section of the hydraulic 
cylinder is smaller than that of the nitrogen cyl- 
inder, the blank holder moves more slowly than 
the slide. Generally, the blank holder moves 
down with 80% of the slide's velocity. As soon 
as the blank holder touches the die, the BHF is 
applied by the compressed nitrogen gas in the 
bottom cylinder chamber (Ref 13.24). 

Delay at BDC to avoid pad bounce can be 
achieved by using a delay circuit and additional 
cylinders (Fig. 13.28). The nitrogen cylinder is 
connected to a so-called prime cylinder and a 
timing cylinder via two different hydraulic cir- 
cuits (Ref 13.24). 

During the downstroke, valve A is open, al- 
lowing fluid flow from the prime cylinder into 
the top chamber of the delay cylinder. Since 
valve B is closed, the fluid in the timing cylin- 
der is compressed by the nitrogen gas in the 

Top chamber 

Piston head 

Botlom chamber 

13-25 Schematic of manifold system installation. Fig. 13-26 Schematic of the controllable gas 
Source: Ref 13.24 Source: Ref 13.23 

I -  u"' I- 

spring. 

Fig. 13-27 Preacceleration of the blank holder using nitrogen cylinders: (a) initial setup; (b) preacceleration; (c) ram catches blank 
holder. Source: Ref 13.24 
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Fig. 13-28 Working sequence of the delay circuit: (a) downstroke, (b) compression of the fluid in the timing cylinder, (c) blank 
holder retained at bottom dead center (BDC), and (d) main cylinder retracts to original position; top dead center 

(TDC). Source: Ref 13.24 

Tanker XP cylinder (Fig. 13.28a). Toward the 
end of the stroke, valve B is opened and valve A 
is closed. The high-pressurized fluid from the 
timing cylinder fills the top chamber of the de- 
lay cylinder and locks the piston down (Fig. 
13.2813). The blank holder is retained at the 
BDC as both valves A and B are closed (Fig. 
13.28~). After a defined time delay both valves 
are opened, allowing the main cylinder to re- 
tract to its original position (Fig. 13.28d) (Ref 
13.24). Similar designs that allow a delay at 
BDC are available by various manufacturers of 
nitrogen cylinders (Ref 13.24, 13.25). 

Application of Nitrogen Cylinders in MPC 
Systems. Built-in cushion systems have nitro- 
gen cylinders or hydraulic cylinders that are at- 
tached to the lower die shoe and apply force on 
the blank holder. The cylinders are usually con- 
nected to a power source, and therefore, the 

pressure in all the cylinder remains the same. 
However, each cylinder can always be con- 
nected to an independent power source, allow- 
ing the BHF to be varied between consecutive 
cylinders and resulting in an MPC system. Hav- 
ing an independent power source for each cylin- 
der significantly increases the auxiliary units 
that come with each cylinder and therefore can- 
not be packed into the lower die shoe. Auxiliary 
units are placed next to the press and are con- 
nected to the tool (Ref 13.26, 13.27). 

Programming of M PC Systems 

Implementing an MPC system in presses or 
tools allows varying the BHF with location and 
stroke. However, this capability is underutilized 
in current production because it is difficult to 
estimate the BHF that should be applied by each 
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cushion cylinder; and conventional steel sheets 
can be formed with the existing method that in- 
volves using a BHF that is uniform on the blank 
holder and constant in stroke. 

Increasing complexity of the parts and in- 
creasing use of lightweight materials with low 
formability require the use of MPC capabilities 
to better control the material flow and expand 
the process window. Successful application of 
an MPC system to form complex parts demands 
a methodology to predict the BHF for each 
cushion cylinder before the first part is stamped. 
In practice, the required BHF to form a part is 
usually estimated by trial and error based on the 
experience of the die maker and the press opera- 
tor. This approach is feasible for single-point 
cushions, since only one force variable needs to 
be determined. However, in MPC systems, there 
are as many variables as the number of indepen- 
dent cushion cylinders that can be controlled. 
Thus, the trial-and-error approach is ineffective 
and time-consuming. The determination of the 
individual BHF on each cushion cylinder is best 
determined by finite element (FE) simulations 
in the process design stage. The Engineering 
Research Center for Net Shape Manufacturing, 
as part of an USCAR project, developed an op- 
timization methodology coupled with commer- 
cial finite element codes to estimate the BHF 
for individual cylinders in MPC systems (Fig. 
13.28, 13.29) (Ref 13.1). 

The estimation of an optimum BHF for MPC 
systems is formulated as an optimization prob- 
lem with the BHF as the design variable and 
with minimization of the risk of failure by tear- 
ing in the part as a design objective. The con- 
straints are the wrinkles in the formed part that 
need to be avoided. This optimization problem 
cannot be solved analytically. Therefore, opti- 
mization techniques coupled with FE simula- 
tions were used. The objective function and the 

BHF at each 

Inputs required 

1 Quality control r 

constraint functions for the optimization were 
calculated from the results of FE forming analy- 
sis. This methodology was applied to estimate 
the BHF variable in space and constant in stroke 
to form a full size-automotive panel (inner lift- 
gate) from three different materials using the 
26-point hydraulic cushion built as part of the 
USCAR project. An example of a BHF profile 
estimated by the developed methodology for 
A6111-T4 material is shown in Fig. 13.30. 

Forces for only 15 pins are calculated since 
the part geometry is symmetric and the same 
force was used for pins at symmetric positions. 
The same method was used to form this part 
from three different materials (A1611-T4, 1 mm 
thick; bake-hardened steel BH210, 0.8 mm 
thick; DP600, 0.8 mm thick) using the same die 
by changing only the BHF, illustrating the en- 
hancement in the robustness of the process by 
using MPC systems. The force applied by each 
cylinder for each sheet material was different 
and estimated by the developed routine (Ref 
13.1). 
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Abbreviations and Symbols 

ad 

2 

A p & l  
4, A, 
As 
A0 
ac 
AHSS 
AISI 
AKDQ 
AS 
ASAME 

b 
BA 
bcc 
BD 
BDC 
BEF 
BH 
BHF 
BHP 
C 
C 

‘d 

CP 
C 

c, 
CAD 
CAM 

die angle 
punch tip angle 
area, geometric contact area, 
instantaneous cross-sectional 
area 
apparent contact area 
area of the blank under the 
blankholder 
cross-sectional area at fracture 
cross-sectional area of the punch 
area of piston 
area reduction, real contact area 
area of the cut surface 
original cross-sectional area 
alternating current 
advanced high-strength steel 
American Iron and Steel Institute 
aluminum-killed drawing quality 
adaptive simulation 
Automated Strain Analysis and 
Measurement Environment 
width of die opening 
bend allowance 
body-centered cubic 
bend deduction 
bottom dead center 
Bauschinger effect factor 
bake hardening, bake hardenable 
blankholder force 
blankholder pressure 
Cowper-Symonds coefficient 
empirical factor, width of warp 
speed of sound 
heat capacity 
die clearance, stiffness 
compression force, stiffness of 
the fluid column 
angular stiffness 
computer-aided design 
computer-aided manufacturing 

CDV 
C.L. 
CMM 
CNC 
COF 
CP 

CPF 
CQ 
CR 
CVD 
d 

4 
dd, Dd 

dF.max 

4 
d0 
4 
de 
dl 
dt 
d€ 
% 
D 

critical damage value 
curvilinear length 
coordinate measuring machine 
computer numerical controlled 
coefficient of friction 
complex-phase, commercially 
pure 
Center for Precision Forming 
commercial quality 
cold rolled 
chemical vapor deposition 
punch stroke, diameter, diameter 
of mandrel, vertical deflection, 
dimpling 
blank diameter, diameter of 
blankholder 
diameter of die cavity 
die diameter, punch-die 
clearance 
diameter of flanged hole after 
flanging 
outside diameter of flange when 
drawing load is maximum 
diameter of pierced hole 
diameter of the cup wall at max- 
imum drawing force 
punch dameter, external cup 
diameter at maximum drawing 
force 
punch stroke 
initial diameter, blank diameter 
inner cup diameter 
infinitesimal engineering strain 
differential change of length 
infinitesimal time 
infinitesimal natural strain 
infinitesimal shear angle change 
diameter, sag 
depth of crack penetration 
mandrel diameter 

IX 
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DP 
Do 
dc 
DCV 
DDS 
DIN 
DP 

DQSK 
DR 
DS 
e 

DQ 

et 

2 
E' 

Ecushon 
ED 
EEM 
EF 
EfOnnlng 
EM 
EP 

ET 
Eslide 

EA 
E-coating 
EDDS 
EDDS+ 
EL 
EMF 
EP 
ERC/NSM 

ET 
f 
f '  

L 

FBH 
FC 
Fd 

Fdmax 
Fdraw,max 
Ff  
FG 
FH 
FN 
FP 

f b ,  Fb 

F 
Fb 

punch dameter 
diameter of initial blank 
direct current 
directional control valve 
deep-drawing steel 
German Industry Standard 
dual phase 
drawing quality 
drawing quality, special killed 
dent resistant, draw ratio 
drawing steel 
engineering strain, endpoint of 
tool motion, eccentricity of the 
load 
total elongation 
uniform elongation 
Young's modulus, elastic 
modulus, energy of deformation 
Young's modulus in plane 
strain 
cushion energy 
elastic deflection 
electric motor energy 
friction energy 
forming energy 
machine energy 
process energy 
slide energy 
total energy 
evolutionary algorithm 
electrocathodic coating 
extra-deep- drawing steel 
extra-deep-drawing steel plus 
elongation 
electromagnetic forming 
extreme pressure 
Engineering Research Center for 
Net Shape Manufacturing 
extreme temperature 
friction factor 
modfied friction factor 
blankholder force 
feed rate 
force, applied load 
bendng force 
blankholder force 
clamping force, clamping load 
deformation force 
maximum punch force 
maximum drawing force 
friction force 
counterforce 
horizontal force 
normal force 
punch force 

FR 
Fs 
FT 
F" 
fcc 
F 
FE 
FEA 
FEM 

FLC 
FLD 
FRF 
h 

'con" 

hd 

he, 
h0 
h(P) 
brad 

He 
Ht 

H 

HCO 
HDGA 
HDGI 
HE 
HER 
HF 
HR 
HRl3 
HRC 
HSLA 
HSPR 
HSS 
HV 
I 

IE 
IF 
IFU 

ISF 
ISM 
IS0 

IUL 

J 
k 

ring force, radial force 
blanking force 
tangential force 
vertical force 
face-centered cubic 
index to define material flow 
finite element 
finite-element analysis 
finite-element method, finite- 
element modeling 
forming limit curve 
forming limit diagram 
flexible roll forming 
clearance, depth of cup, slide 
position 
convective heat-transfer 
coefficient 
bulge or dome height 
effective heat-transfer coefficient 
original height 
contact heat-transfer coefficient 
radiation heat-transfer coefficient 
height, surface hardness 
heat-transfer coefficient with air 
heat-transfer coefficient 
hem curved outboard 
hot dip galvannealed 
hot dip galvanized 
hole expansion 
hole expansion ratio 
hot forming 
hot rolled 
Rockwell B hardness 
Rockwell C hardness 
high-strength, low-alloy 
hydro-self-pierce riveting 
high-strength steel 
Vickers hardness 
moment of inertia, angular 
inertia, identity sensor 
Erichsen index 
interstitial free 
Institut fur Umform- 
technik (Institute of Forming 
Technology) 
incremental sheet forming 
inside of metal 
International Organization for 
Standardzation 
Institut fur Umformtechnik und 
Leichtbau (Institute of Forming 
Technology and Lightweight 
Construction) 
deviatoric stress invariant 
empirical constant 
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kf 
K 

K-B 
KSIF 

LP 
Lst 
LDH 
LDR 
LED 
LVDT 

m 
m 

mr 
M 

M 

MPC 
MS 
n 

OBI 
OD 
OEM 
OSM 
P 
P 

P B H  

stripping constant, heat 
conductivity, shear strength, 
bend allowance 
flow stress 
springback ratio, strength 
coefficient, wear coefficient, 
shear flow stress 
Keeler-Breizer equation 
kinematic incremental sheet 
forming 
distance, length, roll spacing 
total elongation at fracture 
original length 
uniform elongation 
final length 
length, sliding distance, load 
draw-in length 
hem length 
machine load 
dimensions of smallest element 
initial length 
process load 
stripping force 
limiting dome height 
limiting draw ratio 
light-emitting diode 
linear variable differential 
transformer 
friction factor 
friction shear factor, strain-rate 
sensitivity 
modfied shear factor 
index describing the shape of the 
yield loci 
bendmg moment, tilting 
moment, torque 
multipoint cushion 
martensitic steels 
strain-hardening coefficient, 
strain exponent, speed of crank 
in revolutions per minute, 
number of strokes per minute 
number of strokes per minute 
under load 
number of strokes per minute 
when idle 
open-back inclinable press 
outside diameter 
original equipment manufacturer 
outside of metal 
Cowper-Symonds coefficient 
pressure, normal pressure, 
hydraulic pressure, magnetic 
pressure 
blankholder pressure 

PI 
Pmm 
P 

PPG 
PTFE 
PVD 
Q 
QPF 
r 

“avg 

“C 

“f 

“m 

“d7 “D 

“ 0  

“P 

“R 

“z  

“0 

“45 

re 
“90 

“eo- 
F, R 
A“ 
R 

RC 

R, 
Rd 

Rm 

internal pressure 
maximum pressure 
penetration, pressure, 
compression load, normal load, 
deformation power 
blankholder pressure 
interface pressure 
fluid pressure 
instantaneous pressure 
pulsed power generator 
polytetrafluoroethy lene 
physical vapor deposition 
flow rate 
quick plastic forming 
bendmg radius, tube radius, 
mean radius, instantaneous 
radius, plastic or normal 
anisotropy, plastic strain 
ratio or Lankford coefficient, 
eccentricity of the crank 
average strain ratio 
die cavity radius 
die radius, die corner radius 
die fillet radius 
weighted average of strain 
ratios 
outer radius 
punch corner radius 
die corner radius 
radius of curvature in the 
longitudinal direction 
parallel to the rolling direction 
diagonal to the rolling direction 
transverse to the rolling direction 
bulge radius, radius of curvature 
in the hoop direction 
tube radius prior to deformation 
normal anisotropy 
planar anisotropy 
rake, radius, bending radms, 
bend die radius, instantaneous 
outside radius, stress ratio, total 
eccentricity 
radius of die ring 
die radius, bulge radius 
initial radius, inner bending 
radius 
mean bending radius, tensile 
strength 
minimum bend radms 
neutral radius 
outer bendmg radius 
punch radius, punch tip radius 
rolling direction 
room temperature 
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S 

'h 

s!l 

%ax 

SO 

S1 

s 

s1 

s s  

sth 

S U  

SB 
SDT 
SF 
SHF-D 
SHF-P 
SMA 
SPIF 
spm, SPM 
SPR 
SQ ss 
t 
td 

to,  to 
t P  

t Y  
T 

T e  

T f  

T F  

TI 
To 

T t  

T U  
TY 
TY 
TO 

Tpunch 

TCT 
TD 

TDC 
THF 
TPIF 
TRB 

instantaneous sheet flange 
thickness, stroke, recoil 
flange height 
deviatoric stress state 
maximum stroke 
initial sheet thickness, wall 
thickness, blank thickness 
instantaneous sheet wall 
thickness 
strength, arc length of inner curve, 
yield stress, microstructure, 
stroke length, slide 
pressure release displacement 
time 
shear strength 
theoretical dsplacement time 
ultimate tensile strength 
stretch bend 
strip drawing test 
self-feeding 
sheet hydroforming with die 
sheet hydroforming with punch 
simplified modeling approach 
single-point incremental forming 
strokes per minute 
self-piercing riveting 
surface quality, structural quality 
structural steel 
thickness, sheet thickness, time 
thickness at apex of bulge 
initial thickness 
time under pressure 
austenitization time 
thickness, sheet thickness, 
tension stress, temperature, 
applied torque 
temperature of environment 
temperature at forming 
tension load, tension force, final 
thickness 
initial temperature 
original thickness 
punch temperature 
tool temperature 
temperature of contact plates 
tension required for yield 
austenitization temperature 
initial temperature 
twist compression test 
transverse direction, thermal 
diffusion 
top dead center 
tube hydroforming 
two-point incremental forming 
tailored rolled blanks 

TRIP 
TS 
TSA 
TW 
TWIP 
u 

UD 

'd 

U D  
UHS 
UHSS 
UTS 
V 
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aP 
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AY 

€ 

'b 

Ee 

Eel 
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transformation-induced plasticity 
tensile strength 
thickness strain analysis 
tendency of wrinkling 
twinning-induced plasticity 
instantaneous material point 
velocity in the x-drection 
punch-die clearance 
constant speed 
die clearance 
ultra-high speed 
ultrahigh-strength steel 
ultimate tensile strength 
distribution of tool motion, 
sliding velocity 
instantaneous material point 
velocity in the y-drection 
punch velocity 
velocity, volume 
slide velocity under pressure 
punch velocity 
angle distribution 
viscous pressure bulge 
width, depth of warp 
instantaneous material point 
velocity in the z-direction 
width, V-die opening, worn 
volume 
die opening width 
original width 
distance 
yield strength 
yield strength 
burr zone 
fracture/rupture zone 
rollover zone 
shear zone 
angle, measured angle, bending 
angle, crank angle, angular 
deflection, thermal expansion, 
heat-transfer coefficient, stress 
ratio, cone angle, real contact 
area ratio 
die angle 
design angle 
punch tip angle 
camera angle, spinning ratio, 
depressor angle 
clearance angle 
planar anisotropy 
strain, true or natural strain 
strain rate 
bendng strain 
elastic strain 
elastic strain 
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0 

P 
P m  
V 

elastic limit 
initial strain 
plastic strain 
strain in radal direction 
total strain, strain in thickness 
direction, strain in tangential 
direction 
width strain 
strain in axial drection 
prestrain 
strain in the hoop direction 
strain in the longitudnal 
direction 
equivalent strain, effective strain 
plastic strain 
equivalent strain rate, effective 
strain rate, von Mises equivalent 
plastic strain 
lubricant viscosity, deformation 
efficiency, efficiency factor 
bending angle, punch angle, 
crankshaft rotation, temperature 
final bend angle 
half bending angle 
springback angle 
half angle (under load) 
half angle (unloaded) 
hoop stress 
axial stress 
springback angle 
bulk modulus 
hole expansion ratio, roughness 
parameter 
coefficient of friction 
mean coefficient of friction 
Poisson’s ratio 

Pe 
Po 
0 

z 

elastic radus of curvature 
radius of curvature 
stress, flow stress, true normal 
stress 
yield stress in balanced biaxial 
state 
compressive yield strength 
engineering stress 
flow stress 
stress quantity, mean stress 
normal stress 
compression yield stress 
rupture stress, stress in radial 
direction 
stress in tangential direction 
ultimate tensile strength 
yield strength 
longitudinal stress, stress in axial 
direction 
initial yield stress 
hoop stress 
flow stress, instantaneous yield 
stress 
shear stress, frictional shear 
stress 
average shear stress at contacting 
asperity peaks 
average shear stress at lubricant 
pockets 
frictional shear stress 
shear stress 
bend angle, logarithmic strain 
angular speed or velocity 
two-dimensional 
three-dmensional 
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Flow Stress Curves 
Soumya Subramonian and Nimet Kardes, The Ohio State University 

VISCOUS PRESSURE BULGE TESTS were 
conducted at The Ohio State University’s Center 
for Precision Forming (CPF) , formerly Engi- 
neering Research Center for Net Shape Manu- 
facturing (ERC/NSM), in order to obtain the 
flow stress characteristics of various sheet mate- 
rials, such as steels, stainless steels, and alumi- 
num and magnesium alloys. These flow curves 
are better suited for analysis of forming opera- 
tions when compared with flow stress obtained 
from tensile tests. This appendix presents mainly 
biaxial flow curves for different materials. For 
some of the sheet materials, flow stress curves 
obtained from tensile tests were also provided. 
Table A. 1 lists materials that have been tested at 
CPF using the biaxial bulge test. 

REFERENCES 

A.l  E. Doege and K. Droder, Sheet Metal 
Forming of Magnesium Wrought Al- 
loys-Formability and Process Technol- 
ogy, Journal of Materials Processing 
Echnologj Vol 115, 2001, p 14-19 
S. Kaya and T. Altan, Warm Forming of 
A1 and Mg: Part 11, Determination of 
Magnesium Sheet Properties at Elevated 
Temperatures, Stamping Journal, 2006, p 
32 

A.2 

Table A.l Summary of flow stress data of various sheet materials 

Figure Material Thickness Source of datdCPF report no 

Steel 

Fig. A.1 
Fig. A.2 
Fig. A.3 
Fig. A.4 
Fig. A.5 
Fig. A.6 

Fig. A.7 
Fig. A.8 

Fig. A.9 
Fig. A.10 
Fig. A.11 
Fig. A.12 
Fig. A.13 
Fig. A.14 

St14 
St1403 
AISI 1018 
AKDQ 
1050 
DP 590 
DP 600 
DP 780 
TRIP 780 
DP 980 
AKDQ 
DR 120 
DP 500 
BH 210 
DP 600 
DP 600 
DP 780 
DP 780-CR 
DP 780-HY 
TRIP 780 

1 mm 
1 mm 
2.13 mm 
0.83 mm 

1.24 mm 
1 mm 
1 mm 
1 mm 
1 mm 
0.72 mm 
1 mm 

. . .  
1 mm 
1 mm 
1 mm 
1 mm 
1 mm 

CPF-4.2b106101 
CPF-4.2b107101 
CPF-2.3106106 
CPF-2.1/06/0 1 
Viscous pressure bulge test conducted May 2005 
CP F-2.3iO 710 2 
CP F-2,310 710 2 
CP F-2,310 710 2 
CPF- 2.3107102 
CP F-2,310 710 2 
CP F-2,310 710 2 
CPF-2.1106102 
Viscous pressure bulge test conducted April 2008 
Viscous pressure bulge test conducted April 2008 
CPF-1.4107103 
CPF-2.1109101 
CPF-2.1109101 
CPF-2.1109101 
CPF-2.1109101 
CPF-2.1109101 

(continued) 
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Table A.l (continued) 

Figure Material Thickness Source of datdCPF reoort no 

Steel 

Fig. A.15 Bare DP 980 Y-type X 
Bare DP 780 T-Si type 
GA DP 780 T-A1 type 
GA DP 780 Y-type U 
GA DP 780 Y-type V 

Fig. A.16 DQS-270F GA-phosphate coated 
DQS-270D GA-phosphate coated 

Stainless steel 

Fig. A.17 ss 201 
SS 301 

Fig. A.18 SS 304 

Aluminum alloys 

Fig. A.19 AA 6111 
Fig. A.20 AA 5754-0 
Fig. A.21 AA 5754-0 
Fig. A.22 Aluminum X626-T4P 

Magnesium alloys 

Fig. A.23 AZ31B 
Fig. A.24 AZ31B-0 

Various sheet materials 

Fig. A.25 AMS 5504 
AZ31B 
AKDQ 
SS 409 
HSS ~~~~ 

AA 5754-0 
DP 600 
DDS 

1.4 mm 
1.2 mm 
1.2 mm 
1.2 mm 
1.2 mm 
0.75 mm 
0.75 mm 

0.25 mm 
0.25 mm 
1 mm 

1.04 mm 
1.3 mm 
1.01 mm 
0.95 mm 

1 mm 
1.2 mm 

. . .  
1.3 mm 
0.6 mm 
0.77 mm 

CPF-5,110910 1 
CPF-5,110910 1 
CPF-5,110910 1 
CPF-5,110910 1 
CPF-5,110910 1 
CPF-2.510910 1 -a 
CPF-2.510910 1 -a 

ERCINSM-08-R-01 
ERCINSM-08-R-01 
CPF-1,1106103 

CPF-2.1/06/0 1 
CPF-1.1108104 
CPF-1.1108104 
CPF-2.5109101-a 

(Ref A.1) 
CPF 1.1106101 
Temperature: room temperature to 225 "C 
Strain rate: 0.025 to 0.25 11s 

Test conducted May 2005 
Test conducted May 2005 
Test conducted May 2005 
Test conducted Mav 2005 
Test conducted May 2005 
CPF-2.1107101 
CPF-2.1107101 
CPF-2.1107101 

0.800 

True strain 

Fig. A.l Flow stress of Stl4 (DC04) sheet material of thickness 1 mm estimated by viscous pressure bulge test 
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m 
LL r 

True stmin, E 

Blank anisotropy obtained 
from uniaxial tensile test 

0 8  

Fig. A.2 Flow stress of St1403 sheet material (1 mm) estimated by viscous pressure bulge test. Uniaxial tensile tests were con- 
ducted to obtain the anisotropy coefficients (ro, rd5, rgo). Experimental strain range, bulge test: 0 to 0.72 

2 

Plastic strain 

Fig. A.3 Flow stress of AlSl 101 8 sheet (2.1 3 mm) obtained by viscous pressure bulge test. Experimental strain range, bulge test: 0 
to 1 

700 100,000 - 

._ 
(I) Q 
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Viscous pressure bulge test - 
Viscous pressure bulge test, anisotropy corrected . ~ 20,000 

__ .___ 
- 

- Tensile test 100.. 

0 7  V O  

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
True strain 

Fig. A.4 Flow stress of AKDQ steel sheet (0.83 mm) obtained by viscous pressure bulge test and uniaxial tensile test. Experimental 
strain range, tensile test: 0 to 0.32; bulge test: 0.25 to 0.8 
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I) 350 

True strain 

Fig. A.5 Flow stress of 1050 sheet obtained by viscous pressure bulge (VPB) test and tensile test. Experimental strain range, tensile 
test: 0 to 0.058; bulge test: 0 to 0.32 
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Fig. A.6 Flow stress of different sheet materials obtained by viscous pressure bulge test. The sheet material thicknesses were, for 
AKDQ, 0.72 mm; DP 600, 1 mm; DP 590, 1.24 mm; DP 980, 1 mm; DP 780, 1 mm; and TRIP 780, 1 mm. Experimental 

strain range, bulge test, DP 980: 0 to 0.12; DP 780: 0 to 0.32; TRIP 780: 0 to 0.34; DP 590: 0 to 0.31; DP 600: 0 to 0.35; AKDQ: 0 
to 0.61 
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07 
Strain 

Fig. A.7 Flow stress of DR 120 (1 mm) obtained by circular and elliptical viscous pressure bulge tests. Experimental strain range, 
circular bulge test: 0 to 0.62 

m 
9 

True strain 

Fig. A.8 Flow stress obtained by viscous pressure bulge test and uniaxial tensile test for both DP 500 and BH 21 0 Experimental 
strain range, DP 500 tensile: 0 to 0.14; DP 500 bulge: 0 to 0.55; BH 210 tensile: 0 to 0.17; BH 210 bulge: 0 to 0.6. 

m n 
I 
m- 
e 
2 

- 
VI 
111 

L 

0.4 

True strain 

Fig. A.9 Flow stress of DP 600 obtained by viscous pressure bulge test. Experimental strain range, bulge test: 0 to 0.33 



226 / Sheet Metal Forming-Fundamentals 

h 
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True strain 

0 6  

Fig. A.10 Flow stress of DP 600 (1 mm) determined by tensile test and viscous pressure bulge test. Experimental strain range, 
tensile test: 0 to 0.1 5; bulge test without anisotropy correction: 0.04 to 0.49; bulge test with anisotropy correction: 0.05 

to 0.55 

m a 
2 

TruE strain 

Tensile test .....,. 

- VPB test with 
anisotropy correction 

- _  - VPB tesl without 
anisotropy correction 

Fig. A.11 
tion: 0.05 to 0.36 

Flow stress of DP 780 (1 mm) determined by tensile test and viscous pressure bulge (VPB) test. Experimental strain 
range, tensile test: 0 to 0.09; bulge test without anisotropy correction: 0.04 to 0.33; bulge test with anisotropy correc- 
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, - . Tensile test 

VPB test with 
antsotropy cor reciion 

VPB tsst wrthoul 
anisolropy correction 

- 

True stfaiti 

Fig. A.12 Flow stress of DP 780-CR (1 mm) determined by tensile test and viscous pressure bulge (VPB) test. Experimental strain 
range, tensile test: 0 to 0.1; bulge test without anisotropy correction: 0.04 to 0.22; bulge test with anisotropy correction: 

0.05 to 0.24 
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True strain 

Fig. A.13 Flow stress of DP 780-HY (1 mm) determined by tensile test and viscous pressure bulge (VPB) test. Experimental strain 
range, tensile test: 0 to 0.75; bulge test without anisotropy correction: 0.04 to 0.45; bulge test with anisotropy correc- 

tion: 0.05 to 0.5 
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Tensile tesi 
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VPB lest without 
anisotropy correction 
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Fig. A.14 Flow stress of TRIP 780 (1 mm) determined by tensile test and viscous pressure bulge (VPB) test. Experimental strain 
range, tensile test: 0 to 0.14; bulge test without anisotropy correction: 0.04 to 0.26; bulge test with anisotropy correc- 

tion: 0.05 to 0.25 

strain 

Bare DP W O Y - t y j i e  X 
(1.4 mrn) 
Barc UP 78UT-51 lype 
(1,Z mm) 

(1.2 mm) 

(1 .I mir  1 

GA OF 780 Y-type V 
(1.2 mir  1 

GA DP 780 T-AI type 

GA DP 780 Y-typE U 

Fig. A.15 Flow stress of five advanced high strengh steel (AHSS) sheet materials obtained by viscous pressure bulge test. Experi- 
mental strain range, bulge test, DP 980: 0.05 to 0.3; bare DP 780: 0.05 to 0.33; DP 780T-Al type: 0.05 to 0.31; DP 780 

Y-type U: 0.05 to 0.35; DP 780Y-typeV: 0.05 to 0.36 
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True strain 

Fig. A.16 Flow stress curves of DQS (0.75 mm) obtained by viscous pressure bulge test. Experimental strain range, bulge test, 
DQS-270D: 0.05 to 0.44; DQS-270F: 0.05 to 0.37 

0 25 

Strain Strain 
(bJ 

Fig. A.17 Flow stress of (a) SS 301 and (b) SS 201 (0.25 mm) obtained by viscous pressure bulge test. Experimental strain range, 
bulge test, SS 301 : 0.05 to 0.2; SS 201 : 0.05 to 0.1 9 

0.8 

True strain 

Fig. A.18 Flow stress of SS 304 (1 mm) obtained by viscous pressure bulge test and tensile test. Experimental strain range, tensile 
test: 0 to 0.44; bulge test: 0.03 to 0.56 
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Fig. A.19 Flow stress of AA 61 1 1  (1.04 mm) obtained by tensile test and viscous pressure bulge test. Experimental strain range, 
tensile test: 0 to 0.1 9; bulge test: 0.03 to 0.46 
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0 35 

True strain 

Fig. A.20 Flow stress of AA 5754-0 (1.3 mm) obtained by tensile test, bulge test, and the LS-OPT graphical optimization tool, a 
new optimization methodology developed at the ERC/NSM. Experimental strain range, tensile test: 0 to 0.1 57; bulge 

test, membrane theory: 0.01 to 0.35; bulge test, optimization: plotted using the power law equation 

m 
P 
I 

0 30 

True strain 

Fig. A.21 Flow stress of AA 5754-0 (1.01 mm) obtained by tensile test, bulge test, and the LS-OPT graphical optimization tool, a 
new optimization methodology developed at the Engineering Research Center for Net Shape Manufacturing. Experi- 

mental strain range, tensile test: 0 to 0.159; bulge test, membrane theory: 0.03 to 0.25; bulge test, optimization: plotted using the 
power law equation 
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0 4  

True strain 

Fig. A.22 Flow stress of aluminum X626 obtained by viscous pressure bulge test. Experimental strain range, bulge test: 0.1 to 0.31 

0.1 
True strain cp, - 

Fig. A.23 Results of tensile tests: variation of flow stress and strain with forming temperature T. Source: Ref A.l  

350 

Strain 

Fig. ,424 Flow stress of AZ31 B - 0  (1.2 mm) obtained by hydraulic bulge test at a strain rate of approximately 0.25 l / s  and in a 
temperature range of 145 to 221 "C. Experimental strain range, at 145" C: 0 to 0.1 2; 168 "C: 0 to 0.1 6; 180 "C: 0.02 to 

0. Source: Ref A.2 
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True strain 

Fig. A.25 Flow stress data of various materials by viscous pressure bulge test. Experimental strain range, for AMS 5504: 0 to 0.6; 
SS 409: 0 to 0.68; HSS: 0 to 0.54; AKDQ: 0 to 0.72; AZ31 B: 0 to 0.14 

rn 
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0 7  

SIrain 

0 4  

Slrain 

Fig. A.26 Comparison of flow stress curves obtained by viscous pressure bulge test and tensile test (a) for AKDQ steel (0.83 mm) 
and AA 5754-0 (1 .3 mm) and (b) for DP 600 (0.6 mm) and DDS (0.77 mm). Experimental strain range, for AKDQ, 

tensile: 0 to 0.24; AKDQ, bulge: 0 to 0.64; AA 5754-0, tensile: 0 to 0.1 8; AA 5754-0, bulge: 0 to 0.4; DP 600, tensile: 0 to 0.14; DP 
600, bulge: 0 to 0.27; DDS, tensile: 0 to 0.23; DDS, bulge: 0 to 0.3 
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accumulator 
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 rodless piston 187 

accumulator drive 197 
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adapter. See die post 
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adhesives  233 

advance. See progression 
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 aluminum alloys 82 
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 linear stretch forming 19 

 shear forming 23 
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Aida servo-press line 175(F) 

aids. See cast; skin 

air bend die 233 

air bending 11(F) 

air cushion 233 

air draw  233 

air pin. See pressure pin 

air spring. See pneumatic spring 

aircraft industry 

 aluminum alloys 82 

 coining 24 

 creep forming 19 

 drop hammer forming 18 

 expanding 21 

 linear stretch forming 19 

 roll bending 12 

 spinning 22 

air-hardening steel 233 

airless spraying 92 

AISI 1008 CR steel 98 
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alloy steels 

 brake bending 11 

 bulging 20 

 coining 23 

 deep drawing 15 

 dimpling 21 

 drop hammer forming 18 

 fluid bladder forming 17 

 hemming 11 

 ironing 23 

 joggling 14 

 Marform process 18 

 nosing  24 

 roll bending 12 

 roll forming 11 

 sheet hydroforming with die 17 
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 spinning 22 
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 coining 23 

 deep drawing 15 
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 die quench forming 20 
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 drop hammer forming 18 
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 fluid bladder forming 17 
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 stretch forming 19 
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 tempers 82–84 

 wrought alloys, naming scheme 84 

aluminum alloys, heat treatment of 

 age hardening 85 

 flow stress 85 

 overview 84 

 quenching 85 

 solution heat treatment 84 

 warm forming 85–86 

aluminum alloys, specific types 

 5000 series, formability of 85(F) 

 6022-T4 64(F) 

 A6111-T4 218 219(F) 

 AA-2008-T4 126–127 

 AA5754-O 85(F) 

 Al 5052 167(F) 169 

 Al 5083 86 

 Al 5754 35  36(F) 169 

aluminum-killed steels 73 78 

American Society for Testing Materials 33 

angle steel. See prehem steel 
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 overview 58–59 

anisotropy  233  

 See also plastic anisotropy 

 deep drawing 109 

 normal anisotropy 36 

 planar anisotropy 36–37 

 sheet orientations relative to normal and planar aniso- 

   tropy 37(F) 

 tensile test 36–37 

 true stress-strain curve of Al 1100-O 37(F) 

annealing  233 

ANSI number system 82 

ANSYS  115 

anvil steel  233 

appliance industry 

 expanding 21 

 spinning 22 

arbor press 233 

area reduction 34–35 

artificial aging 85 

ASTM A1011 DS type B 115(T) 

austenitic alloys 79 

austenitic stainless steels 

 formability of 80–81 

 martensite 80–81 

 overview 80 
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AUTOFORM 115 

automated clamps 141–142 143(F) 

automatic counterbalance systems 158 

automatic press 233 

automatic press stop 233 

automotive industry 

 AHSS steel 73 

 Al 5083 86 

 aluminum alloys 82 

 bake-hardening steels 76 

 bulging 20 

 coining 24 

 deep drawing using hard dies 15 

 expanding 21 

 ferritic stainless steels 82 

 fluid bladder forming 17 

 hemming 11 

 hot stamping 18 

 large stampings 170–171 175(F) 

 linear stretch forming 19 

 sheet hydroforming with die 17 

 sheet steels 73 

 spinning 22 

 stamping operation 96 

 stretch forming 19 

 tube hydroforming 20–21 

 type 409 82 

axisymmetric drawing 233 

B 

back stress 67 68 69 

    70 

back-off. See relief 

backstroke force 101 
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back-ups  233  

 See also details 

bake hardening 76 

bake-hardenable (BH) steel 75 76 225(F) 

bake-hardening (BH) steels 76 

balancing pins. See equalizer pins 

ball seat  233 

barber shop 233 

barbering  233 

Barlat 1996 yield criterion 64(F) 

Barlat and Lian yield criterion 62–63 

 aluminum alloys 63 

 Bishop Hill model 62 

 Logan and Hosford yield criterion 62–63 

 Logan and Hosford yield surface 62(F) 

 plastic strain ratio, infuence of 63(F) 

Barlat YLD89 64(F) 

Bauschinger effect 8 66 67(F) 

 kinematic hardening 69(F) 

 Yoshida-Uemori model 69–70 

bead   234 

  See also factor 

beaded flange 234 

bearing sleeves 170 173(F) 174(F) 

bellmouth  234 

bend angle 234 

bend radius 234 

bendability 45–46 234(F) 

 defined  46 

 of several steels 46(F) 

bending. See also bending stress 

 air bending 11(F) 

 brake bending 11 

 defined  234 
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bending. See also bending stress (Cont.) 

 die bending 11(F) 

 edge bending 11(F) 

 hemming 11 

 roll bending 11–12(F) 

 roll forming 11 

 tube bending 12–13(F) 

bending brake 234 

bending dies 234 

bending rolls 234 

bending stress 234 

beryllium 

 dimpling 21 

 spinning 22 

beryllium alloys 

 brake bending 11 

 joggling 14 

BH210  218 

biaxial bulge test 115 221 

biaxial flow curves 221 

biaxial strain 120 

biaxial viscous pressure bulge (VPB) test 75 

binder   234  

 See also blank holder; draw ring 

binder area. See blank holder 

binder force. See blank holder force (BHF) 

binder ring. See blank holder 

bird bath. See low spot 

Bishop Hill model 62 

bladesteel. See low spot 

blank 

 deformation zones 107 
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blank (Cont.) 

 slab method 112–114(F) 

 tribological tests (warm and hot stamping) 99 

 warm deep drawing 169 

blank development 234 

blank fatness 8 

blank holder 

 cup drawing test 99–100 

 cushion systems 203–218(F) 219(F) 

 cushions/die cushions 171 177(F) 

 deep drawing 15 16(F) 

 deep drawing press 196 

 deep drawing, round and rectangular cups 105–127(F,T) 

 deep drawing tests 95 

 defined  234 

 double-action presses 149 

 draw beads 9(F) 

 drawability 47 

 extended drive presses 147 

 hydraulic cushions 207(F) 

 hydroforming presses 197 

 Marform process 17 18(F) 

 pin height variation 209 

 schematic 235(F) 

 servo press with three slide axes of freedom 170 

 single-action presses 150 

 single-action presses, with cushion system 206 

 warm deep drawing 169 

 wave forming 81 

blank holder force (BHF) 

 allowable 112(F) 

 cup drawing test 99 

 deep drawing 8 105 111–112 

 deep drawing press 196 
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blank holder force (BHF) (Cont.) 

 deep drawing tests 95 

 defined 234 

 FEA simulations 124 

 hydraulic cushions 207 208 

 in-die systems 212 

 mechanical presses 205 

 MPC systems 218 

 optimal blank holder force/time profile 112(F) 

 pin height variation 209 

 pneumatic cushions 206–207 

 potential failure modes in deep drawing 203(F) 

 rectangular cups, deep drawing 118–119 

 wrinkling 121 

blank holder pressure 234 

blank preparation 

 blanking/piercing 15 

 shearing 15 

 sheet leveling/roll straightening 14–15(F) 

blanking  15(F) 

  See also shearing 

 burr height sheet thickness ratio 168(F) 

 damping systems 192 

 defined 235 

 direct drive presses 148 

 noise and die life in 166 

  example punch motions 168(F) 

  high-strength carbon steel 168(F) 

  motion diagram of the slide 168(F) 

 overview 15 

 precision blanking 167–168(F,T) 169(F) 170(F) 

 tribological tests 100 

 velocities and SPM 168(T) 
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blanks 

 22MnB5 blanks 99 

 case study—prediction of punch force and BHF 123 126 

 circular 47 49 

 deep drawing 105 

 drawability 47 

 driving 49 

 FEA simulations 123 

 Marciniak test 49 

 material characterization 8 

 Nakajima test 49 

 shearing 15 

 sheet forming 3 

 sheet metal forming as a system 6 

 stretch forming 19 

 tailor-welded blanks 138 

 tribological tests, warm and hot stamping 99 

BMW, Schuler servo-press line 170–171 175(F) 

body-centered cubic (bcc) crystal structure 79 

bologna. See kidney 

bolster   129 137 139(F) 

bolster area 130 

bolster extensions 142 

bolster plate 235 

bolsters, moving 142–143 

boron   18 77 98 

boss   235 

  See also adapter (lower) 

bottom dead center (BDC) 129–130 133 145 

bottoming  24(F) 

bottoming bending 235 

bottoming blocks 235 

  See also stop blocks 

bottoming in brake bending 4 
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bottoming stamp 235 

bottoming the die. See homing the die 

boundary lubrication 90(F) 

box cam  235 

box heels. See heel block 

brake bending 

 application 11 

 equipment 11 

 materials 11 

 process variations 11 

breakage  235 

breakage on trim. See clearance 

breathing  235 

bubble die  235 

buckling 

 defined 235 

 rectangular cups 119 

bulge test 

 A5754-O 44(F) 

 AA 5754-O 229(F) 

 AA 6111 229(F) 

 AA5754-O 85(F) 

 AHSS  227(F) 

 AKDQ 75(F) 223(F)  224(F) 

 DP 590 224(F) 

 DP 600 44(F) 76(F) 225(F) 

    226(F) 

 DP 780 224(F) 226(F) 

 DP 780-CR 226(F) 

 DP 980 224(F) 

 DQS  228(F) 

 flow stress, determining 41 42 43(F) 

 Hill’s 1948 yield criterion 60–61 

 1050 sheet 224(F) 
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bulge test (Cont.) 

 SS 201  228(F) 

 SS 301  228(F) 

 SS 304  80(F) 228(F) 

 SS304  45 

 test specimens 42(F) 

 TRIP 780 224(F) 227(F) 

 X626  230(F) 

bulging 

 applications 20 

 defined 235 

 equipment 20 

 materials 20 

 overview 20 

 process variations 20 

bulk deformation (massive forming) processes 

 characteristics of 3 

 description of 3 

bumper-actuated die. See free-shoe die 

burr   235 

burring  235 

bushing. See guide pin bushing 

buster   235 

button   235 

bypass   235 

C 

cam   235 

  See also cam slide; specific cams 

cam action 235 

cam driver  235 

cam press  235 

cam slide  235 

camber  235 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

cam-driven press 145 

canning  235 

  See also elastic instabilities 

carbon alloys 21 

carbon steels 

 brake bending 11 

 bulging 20 

 coining 23 

 deep drawing 15 

 defined 236 

 drop hammer forming 18 

 fluid bladder forming 17 

 hemming 11 

 ironing 23 

 Marform process 18 

 nosing  24 

 roll bending 12 

 roll forming 11 

 sheet hydroforming with die 17 

 sheet hydroforming with punch 16 

 spinning 22 

carburizing 236 

carburr  236 

carrier strip 236 

  See also skeleton; web 

Cartesian coordinate system 31 

case   236 

case hardening 236 

cast   236 

center drill 236 

Center for Precision Forming (CPF) 218(F) 221 

C-frame press 131 236 

chain slots  236 

chair   236 
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chamfer  236 

charge-coupled device cameras 49 

check valve 185(F) 186 213 

Chicago screw 236 

chlorinated paraffin oil 100 101 

chlorine, in lubricants 92 

chopoff. See cutoff 

chord modulus 236 

chromium  78 79  84 

chute   236 

circle grid  236 

circle grid analysis 237 

circle grid patterns 236(F) 

circular-cup deep-drawing process 47(F) 

clamping force 197–198(F) 

clamps   141–142 

classes of milled pockets 237 

clearance  237 

  See also breakage; die clearance 

clinch die. See nutter die 

clinch nut die. See nutter die 

closed hem. See flattened hem; hems 

clutch/brake mechanisms 157 

coated sheet steel coatings 

 aluminum coatings 78 

 aluminum-zinc alloy coatings 78 

 phosphate coatings 78 

 prepainted sheets 79 

 terne coatings 78–79 

 zinc coatings 78 

coated sheet steels 

 application 78 

 application methods 78 

 coatings (see coated sheet steel coatings) 
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coated sheet steels (Cont.) 

 equipment 78 

 lubrication 78 

 overview 78 

 tooling  78 

cobalt-base superalloys 

 brake bending 11 

 dimpling 21 

 joggling 14 

 roll forming 11 

 spinning 22 

coefficient of friction (COF) 

 friction and lubrication 89 

 laboratory-scale tribological tests 94 

coin straightening 237 

coining  24(F) 

 applications 24 

 bottoming 24(F) 

 bottoming in brake bending 4 

 defined 237 

 equipment 23 

 as a hybrid forming process 4 

 knuckle joint press 147 

 materials 23 

 overview 23–24 

 process variations 24 

cold developing 237 

cold forging. See cold working 

cold forming. See cold working 

cold heading 237 

cold piercing 173 

cold working 3 5–6 80 

    82 237 

cold-rolled sheet 237 
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column press 237 

combination die. See compound die 

combined drill and countersink. See center drill 

commercially pure titanium 19 

commercial-quality (CQ) steel 77 

compound die 237 

compressive strength 237 

compressive stress 237 

computer numerical control (CNC) hydraulic cushions 150 152(F) 

computer-assisted design (CAD) 114 115 218(F) 

concave perimeter contour 237 

concave surface contour 237 

  See also OSM 

construction hole 237 

continuous casting 74 

contour forming. See roll forming; stretch forming; tangent 

   bending 

contouring 237 

control factors 237 

conventional draw die. See draw die 

convex perimeter contour 237 

convex surface contour 237 

  See also OSM 

cookie cutter die. See steel rule die 

cookware industries 17 

coordinating hole. See construction hole 

copper   135 

 low-carbon sheet steels 77 

 shear forming 23 

corn cob. See roughing cutter 

corrosion control 91 92–93 
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corrosion resistance 

 ferritic stainless steels 82 

 phosphate coatings 78 

 terne coatings 78–79 

 22Cr duplex stainless steel 82 

 type 304 stainless steel 82 

corrugating 237 

corrugations 237 

Coulomb’s friction model 90–91 

Coulomb’s law 9 95 

counterbalance. See slide counterbalances 

counterbalance pressure. See slide counterbalance pressure 

   (counterbalance pressure) 

counterbore 238 

counterboring 238 

countersink 238 

crank angle 130 140(F) 

crank drive press 145 146 

crank press 238 

crankshafts 145 149 205(F) 

  See also drive shafts 

creep   238 

  See also yield 

creep forming 20(F) 

 applications 19 

 equipment 19 

 materials 19 

 overview 19 

 process variations 19 

crimping  238 

  See also corrugating 

critical temperatures 238 

cross-over  238 
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crown   238 

  See also hydraulic presses; mechanical presses 

cup and cone fracture 238 

cup drawing. See deep drawing 

cup fracture 238 

cupping  238 

cupping test 238 

  See also cup fracture; Erichsen test; Ol- 

   sen ductility test 

cups. See also deep drawing, round and rectangular cups; 

   rectangular cups, deep drawing 

 aluminum alloys 86 169 

 deep drawing tests 96 

 defined 238 

 drawability 47 

 drawing test 99–100 101(F) 

 earing  37 39(F) 

 Erichsen cup test 44 

 hybrid forming processes 4 

 ironing 23 

 ironing tests 97–98 

 lubrication 95 96 

 magnesium alloys 169 

 rectangular (see deep drawing, round and rectangular 

   cups; rectangular cups, deep drawing) 

 round cups 172(F) 

  (see also deep drawing, round and 

   rectangular cups) 

 spinning 22 

 SS304  81 82(F) 

 titanium alloys 169 

curling   238 

cushion pin. See pressure pin 
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cushion pins 209 

 pin height variation, effect of 210(F) 

cushion systems 

 BHF  203(F) 

 blank holder force generating systems 204(F) 

 double-action presses 

  double-action deep drawing die 204(F) 

  mechanical presses 204–205 

  overview 203 

 hydraulic presses 205–206 

 multipoint cushion (MPC) systems (see multipoint cush- 

   ion (MPC) systems) 

 overview 203 

 potential failure modes 203(F) 

 single-action presses (see single-action presses, with 

   cushion system) 

cushions  171 

 for energy regeneration 177(F) 

 independent servo-drive die cushion 176(F) 

 for multiple point control of BHF 177(F) 

 simple point servo-drive die cushion 176(F) 

cut-and-carry method 238 

cutoff   238 

  See also blank 

cutting land. See die life 

cylindrical coordinate system 31(F) 

D 

date of run. See run stamps 

daylight  130 238 

  See also shutheight 
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deep drawing 

 applications 15 

 COFs, values for 111 

 defined 238–239 

 deformation (see deep drawing, deformation during) 

 deformation zones 106(F) 

 die radius 109–110(F) 

 drawing operations 16(F) 

 drop hammer forming 18 

 equipment 15 

 fluid bladder forming 17(F) 

 hot stamping 18 19(F) 

 Marform process 17–18(F) 

 materials 15 

 potential failure modes infuenced by BHF 203(F) 

 process variations 15 

 rectangular cups (see rectangular cups, deep drawing) 

 schematic 105(F) 

 sheet hydroforming with die 17 

 sheet hydroforming with punch 15–17(F) 

 states of stress 53(F) 

 tool geometry 108(F) 

 using hard dies 15 

deep drawing, deformation during 

 anisotropy, effect of 109 

 COFs, values for 111 

 deformation zones 106(F) 

  blank 107 

  blank holder 107 

  die radius 107 

  out-of-plane deformation 107 

  overview 105–107(F) 

  puckering 107 

  thickness variation along cup wall 107(F) 
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deep drawing, deformation during (Cont.) 

  thinning and thickening of cup 107(F) 

  zone A-C 107 

  zone C-D 106(F) 107 

  zone D-E 106(F) 107 

  zone E-F 106(F) 107 

  zone F-G 106(F) 107 

 equipment and tooling 

  blank holder 111–112(F) 

  drawing speeds 111(T) 

  example optimal blank holder force/time profile 112(F) 

  ram speed 111 

  symbols used in the analysis of cup drawing 113(F) 

 FEM  114–118(F,T) 

 formability 

  overview 108 

  strain hardening, effect of 109 

  strength coefficient, K, effect of 108–109 

 friction, effect of 110–111 

 geometric parameters 

  die radius 109–110 

  empirical equations for die clearance 111(T) 

  ironing process 110(F) 

  punch force/punch stroke diagram 111(F) 

  punch-die radius 110 

 LDR  108(T) 

 overview 105–107 

 parameters affecting 

  equipment and tooling 108 

  geometry 108(F) 

  interface conditions 108 

  material properties 108 

  overview 108 

 punch force, prediction of 114 
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deep drawing, deformation during (Cont.) 

 slab method 112–114(F) 

  in position III 114(F) 

  in position I-II and stress state position II 113(F) 

  Tresca yield criterion 113 

 strains, prediction of 114 

 stresses, prediction of 112–114 

deep drawing, round and rectangular cups. See also rectan- 

   gular cups, deep drawing 

 BHF  105 

 blank holder 105 

 blanks  105 

 deep drawn cups 106(F) 

 deformation during 

  (see deep drawing, deformation during) 

 deformation zones 106(F) 

 flange  105 

 friction 105 

 overview 105 

 schematic 105(F) 

 symbols used in the analysis of cup drawing 113(F) 

 wrinkling 105 

deep drawing tests 95–96(F) 

deflection  154 239 

 gap frame press 136 

DEFORM  115 

deformation 

 homogeneous deformation of a block 65(F) 

 power and energy of 65 

deformation curve. See stress-strain diagram 

deformation limit, (see also limiting drawing ratio (LDR)) 239 

delayed necking 81 

Demarest process 239 

dent-resistant (DR) steel 75 225(F) 
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design process 6 

details   239 

developed blank 239 

deviatoric stress 55(F) 

deviatoric stress state 55(F) 

die    3 239 

die aid. See cast; skin 

die assembly 239 

die bending 11(F) 

die block  239 

die button. See button 

die carts  142–143 

die cavity  239 

die clearance 239 

  See also breakage 

die cushions 

 defined 239 

 for energy regeneration 177(F) 

 hydraulic cushions 208 

 independent servo-drive die cushion 176(F) 

 mechanical presses 149 

 for multiple point control of BHF 177(F) 

 simple point servo-drive die cushion 176(F) 

 stiffness of a press 135(F) 

die geometry 17 108 109  

    111 129 130 

die height  239 

die holder  239 

die hooks. See turnover 

die impression 239 

die life   239 

die lifters  142 

die line  239 
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die lubricant 239 

  See also lubricant 

die maker’s friend or helper. See profile grinder 

die match  239 

die pad  239 

die post  239 

  See also adapter (lower) 

die proof (cast) 239 

die quench forming 

 application 20 

 die quench die 20(F) 

 equipment 20 

 materials 20 

 overview 19–20 

 process variations 20 

die radius  107 109–110(F) 239 

die rollers  142 

die sections. See details 

die set   239–240 

die shoes  240 

die space  130 240 

die stamping 240 

die temperature 9 

die-independent pressure-sensing system 197 

diemaker’s friend or helper. See profile grinder 

differential, defined 183 

differential change of length 28 

differential cylinders 183 184 216 

dimpling 

 applications 21 

 defined 240 

 equipment 21 
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dimpling (Cont.) 

 materials 21 

 overview 21 

 process variations 21 

 ram-coin dimpling 22(F) 

DIN 55 189 134 135(F) 

dings   240 

direct crank drive 146 

direct drive presses 149(F) 

direct drives (hydraulic presses) 189(F) 

 constant-rpm electric motor and 

   constant-displacement pump 189–190(F) 

 constant-rpm electric motor 

   and variable-displacement pump 189(F) 190 

 energy efficiencies 189(F) 

 overview 189 

 variable-rpm electric motor and 

   constant-displacement pump 189(F) 190 

direct extrusion. See extrusion 

direct-driven spindle drive press 163 165(F) 

directional control valves (DCVs) 186–187 

 4/3 directional control valve 185(F) 

distortion. See extrusion 

dog leg cam. See aerial cam 

dog-leg driver 240 

dope   240 

double-action die 240 

double-action mechanical press 240 

  See also slide 

dowel   240 

dowel puller. See slide hammer 
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DP steels 

 DP 590 97–98 

 DP 600 35 36(F) 44(F) 

    70 76(F) 96 

    218 

 DP 980 173–174 

 FLCs  50 51(F) 

Draft   240 

draw bead  240 

draw bead schematic 240(F) 

draw bead test 94(F) 

draw beads 8 9(F) 47 

    119 125 240 

draw die  240 

draw line. See impact line 

draw marks 240 

draw pad. See blank holder 

draw plate  240–241 

draw radius 241 

draw ring  241 

draw stock 241 

drawability 240 

 circular-cup deep-drawing process 47(F) 

 defined 47 

 LDR  47 48(F) 

 tooling to evaluate the drawability 

  of the sheet materials 47(F) 

drawing  240 

drawing compound 240 

  See also die lubricant 

drawing quality (DQ) materials 74 

drawing quality special killed (DQSK) 74 

drawing steel (DS) 75 76(F) 77 

drawing-quality special-killed (DGSK) steel 74 77 
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drive   129 

drive shafts 

 clutch/brake mechanisms 157 

 drive designs 145 148 

 positioning 149 150(F) 

 servo press drives 164 165(F) 173 

 vertical press deflection 154(T) 

driver. See cam driver 

drop hammer forming 

 applications 18 

 equipment 18 

 materials 18 

 overview 18(F) 

 process variations 18 

ductility  241 

duplex stainless steels 

 formability 79 

 22Cr duplex stainless steel 82 

dutchman  241 

dwell 

 AHSS  173–174 

 defined 241 

 drive systems 188 

 electromechanical servo-drive presses 163 

 high-strength steels, deep drawing of 174 

 hot stamping 199 

 laptop case, warm forming 169 

 warm forming 199 

dwell cam  241 

  See also filler cam 
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E 

earing 

 anisotropy 36 

 in cup drawing 109(F) 

 defined 241(F) 

 planar anisotropy 109 

 sheet metal drawn cup 39(F) 109(F) 

Eberly screw. See Chicago screw 

eccentric  241 

eccentric gear 241 

eccentric press 145 146–147(F) 241 

eco-cushions 196(F) 

edge bending 11(F) 

edge rolling. See edging 

edge stretching limits 47–48 

 hole expansion test 48(F) 

 %HE  48 

edger   241 

edging   241 

effective draw 241 

effective strain 65–66 

effective strain rate 39 65–66 

effective stress 65 

ejecting  241 

ejector   242 

ejector rod  242 

elastic deformation 242 

elastic instabilities 242 

elastic limit 242 

  See also proportional limit 

elastic modulus 34 137 

elastic strain 27 53 

elasticity  242 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

electric servo motor 161 

electro-deposition 92 

electromagnetic forming 23(F) 

 applications 22 

 defined 242 

 equipment 22 

 materials 22 

 overview 21–22 

 process variations 22 

electromechanical servo-drive presses 

 Aida servo-press line 175(F) 

 applications 166–171(F) 172(F) 173(F) 

    174(F) 175(F) 

  Al alloy cups, warm deep drawing 171 172(F) 

  bearing sleeves 170 173(F) 174(F) 

  blanking, noise and die life in 166–168(F) 

  die life, improving 167 168(F,T) 

  laptop case, warm forming 169 171(F) 

  large automotive stampings 170–171 175(F) 

  Mg alloy cups, warm deep drawing 171 172(F) 

  Mg alloy, warm forming 169 171(F) 

  precision blanking 167–168 169(F) 170(F) 

  press slide motion 171(F) 

  servo press with three slide axes of freedom 169–170 

  springback reduction 168–169 

  Ti alloy cups, warm deep drawing 171 172(F) 

 conventional press drives, versus 161–163 

 cushions/die cushions 171 

  for energy regeneration 177(F) 

  independent servo-drive die cushion 176(F) 

  for multiple point control of BHF 177(F) 

  simple point servo-drive die cushion 176(F) 
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electromechanical servo-drive presses (Cont.) 

 drives with high-torque/low-speed motors 163–166 

  conventional four-point straight-side 

   mechanical press drive 167(F) 

  direct gear-driven gap press 165(F) 

  four-point straight-side press design 166(F) 

  main motor output 167(F) 

  straight-side press with multiple servo motors 166(F) 

 drives with low-torque/high-speed motors 163 164(F) 

  direct-driven spindle drive press 163 165(F) 

  straight-side four-column press 165(F) 

 energy savings 165–166 167(F) 

 flexibility of slide motion 163(F) 

 mechanical and servo presses, comparison 173 

  cycle time reduction 178(F) 

  slide motions comparison 178(F) 

 new process development 173–175 

 overview 161 

 schematic 162(F) 

 Schuler servo-press line 175(F) 

 slide motion 162–163(F) 

elephant ears 242 

emboss  242 

embossing  242 

embossing die 242 

enameling steels 75 77 

enclosed die forging 173 

energy-restricted machines 13 1 

Engineering Research Center for Net Shape Manufacturing 73 213(F) 218 

engineering strain 27 28 29 

    34 35 

engineering stress 34 35 

engineering stress-strain curves 33–34(F) 
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environmental factors 

 in forming process 10 

 in manufacturing processes 2 

equalizer pins 242 

equivalent strain rate 32 

equivalent stress 65 

Erichsen cup test 44–45(F) 

Erichsen index (IE) 44–45 

Erichsen test 242 

expanding  21(F) 

 applications 21 

 materials 21 

 overview 21 

explosive forming 242 

  See also high-energy-rate forming 

 applications 22 

 confined system for 23(F) 

 equipment 22 

 materials 22 

 overview 22 

extended drive presses 145–146 147 148(F) 

extensometer 33 

extractor  242 

extra-deep-drawing steel (EDDS) 75 77 

extra-deep-drawing steel plus (EDDS+) 75 77 

extreme pressure (EP) additives 92 

extreme temperature (ET) additives 92 

extruding  242 

extrusion  242 

eye bolt  242 

eyeglass frames 168 

eyeleting  242 
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F 

face-centered cubic (fcc) crystal structure 79 

factor   242 

feed. See progression 

ferritic stainless steels 

 advantages of 80 

 automotive industry 82 

 corrosion resistance 82 

 ferritic types, formability of 82 

 formability 79 

 400 hundred series 82 

 overview 82 

fill slide. See filler cam 

filler cam  242 

fillet   242 

final hem contact path 242 

final hem dwell 242 

final hem face geometry 243 

  See also hemming 

final hem force 243 

final hem springback 243(F) 

final hem steel 243 

fine blanking 

 accumulator-drive presses 190 

 blank preparation 15 

 die-independent pressure-sensing system 197 

 hydraulic fine-blanking press 197(F) 

 presses 196–197(F) 

 tribological tests 100 

fine blanking presses 190 

 accumulator drive 197 
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fine blanking presses (Cont.) 

 blanking force 197 

 die-independent pressure-sensing system 197 

 hydraulic fine-blanking press 197(F) 

finish   243 

finish form  243 

  See also restrike 

finite element (FE) simulation-based inverse technique 42–43 

finite element (FE) simulations 60 218 

finite element method (FEM). See also restrike 

 overview 114–115 

 process variables 

  effect of BHF 118 122(T) 

  effect of blank diameter 117 120(T) 121(F) 

  effect of blank thickness 117 119(T) 120(F) 

  effect of COF (u) 117–118 121(T) 122(F) 

  effect of strain-hardening coefficient (n) 116 118(T) 119(F) 

  effect of strength coefficient (K) 116 117(T) 118(F) 

  effects of tool geometry and friction 117 

  overview 115–116 

  tool geometry 116(F) 

 punch force, prediction of 115 117(F) 

 round cup drawing, FE model of 

  ASTM A1011 DS type B 115(T) 

  overview 115 

  process parameters 115(T) 

  quarter finite element model 115(F) 

  tool geometry 116(F) 

 stress and strain, prediction of 115 116(F) 

flange 

 deep drawability 8 

 deep drawing 95 105 

 defined 243 

 die cushions 171 
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flange (Cont.) 

 dimpling 21 

 earing  37 

 expanding 21 

 hemming 11 

 hole flanging 14(F) 

 in-die systems 213 

 Marform process 18 

 material characterization 8 

 overview 13(F) 

 perimeters 97 

 punch force 114 

 rectangular cups, deep drawing 105–127(F,T) 

 spinning 22 

 stainless steel sinks 212 

 stamping lubricants 94(F) 

flange breakline 243(F) 

flange breakline radius 243(F) 

flange die  243(F) 

flange relief 243(F) 

flange steel  244 

flange stripper 244 

flange wrinkling 119 

flanging 

 applications 14 

 equipment 13 

 hole flanging 14 

 joggling 14(F) 

 materials 13 

 overview 13–14 

 process variations 13 

 shrink flanging 13(F) 

 stretch flanging 13(F) 

 types of 13(F) 
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flanging springback 244(F) 

flash   244 

flat surface contour 244(F) 

flattened hem 244 

flattening  244 

flattening dies 244 

flex roll  244 

flex rolling 244 

floating die 244 

floating form punch 244 

flow control valves 186 

flow criterion 56 

flow curve equations 39 

flow lines  244 

flow rules  63–64 

 Levy-Mises flow rule 64 

 strain increments based on the Levy-Mises flow rule 65(F) 

flow stress  85 

  See also flow stress curves 

 AA5754-O 85(F) 

 AZ31B-O 87(F) 

 FEM  114 

 formability 108 

 friction and lubrication 9 

 Hill’s 1948 yield criterion 60 61 

 isotropic hardening law 66 

 material characterization 6 7 

 orange peel 119 

 plastic deformation 38–44(F,T) 

 punch force, prediction of 114 

 round cup drawing 117 

 sheet forming presses 129 

 slide velocity under pressure (VP) 133 
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flow stress (Cont.) 

 strain rate 87 

 stresses, prediction of 113 

 Tresca yield criterion 56 57 

 type 304 stainless steel 80(F) 

flow stress curves. See also flow stress curves (Center for 

   Precision Forming) 

 Center for Precision Forming (CPF) 221 

 flow curve equations 39 

 flow stress 38–39 

 low-carbon sheet steels 75 

 normal stress components 37 

 shear stress components 37–38 

 sheet metal drawn cup 39(F) 

 strain  39 

 stress, nine components of 39(F) 

 stress components 37–38 

 work hardening 39 

flow stress curves (Center for Precision Forming) 

 AA5754-O 229(F) 231(F) 

 AA6111 229(F) 

 AISI1018sheet 223(F) 

 AKDQ 223(F) 224(F) 231(F) 

 AMS 5504 231(F) 

 AZ31B 231(F) 

 AZ31B-O 230(F) 

 BH 210 225(F) 

 DDS  231(F) 

 DP 500 225(F) 

 DP 590 224(F) 

 DP 600 224(F) 225(F) 226(F) 

    231(F) 

 DP 780 224(F) 226(F) 227(F) 

 DP 780 T-Al type 227(F) 
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flow stress curves (Center for Precision Forming) (Cont.) 

 DP 780 Y-type U 227(F) 

 DP 780-CR 226(F) 

 DP 780-HY 227(F) 

 DP 980 224(F) 227(F) 

 DQS-270D 228(F) 

 DQS-270F 228(F) 

 DR 120 225(F) 

 flow stress data of various sheet materials 221–222(T) 

 HSS  231(F) 

 1050 sheet 224(F) 

 SS 201 228(F) 

 SS 301 228(F) 

 SS 304 228(F) 

 SS 409 231(F) 

 St14 (DC04) sheet material 222(F) 

 St1403 sheet material 223(F) 

 tensile tests results 230(F) 

 TRIP 780 224(F) 227(F) 

 X626 aluminum 230(F) 

flow stress, determining 

 flow curve equations 40(F) 

 hydraulic bulge test 41–44(F,T) 

 methods 40(T) 

 overview 39 

 stress-strain conditions for necking in simple tension 41(F) 

 tensile test 39–41(F,T) 

flow-regulating valves 186 

fluid bladder (diaphragm) forming 

 applications 17 

 equipment 17 

 fluid bladder and diaphragm process 17(F) 
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fluid bladder (diaphragm) forming (Cont.) 

 material 17 

 overview 17 

 process variations 17 

fluid forming 244 

  See also rubber-pad forming 

fluid-cell process 244 

  See also fluid forming; rubber-pad 

   forming 

flush   245 

flying cam. See aerial cam 

flying cutoff device 245 

flying shear 245 

flywheels 

 available energy (EM) 133 

 energy savings advantage 200 

 energy-restricted machines 131 

 hot stamping 200 

 hydraulic presses 200 

 mechanical presses 145–158(F,T) 

 mechanical servo press 161 164 165 

foil    245 

follow die  245 

force flow (cushion systems) 

 BHF  209 

 cushion pins 209 

 deformation 209 

 overview 209 

 pin height variation 209 

 pin height variation and slide tilting 211 

 pressure box 209 

 pressure box, deflection of 210–211(F) 

 single-action press with in-press die cushion system 209(F) 

 slide tilting, off-center loading 209–210 
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force-elongation curve 34(F) 

forging  245 

form block 245 

form die  245 

formability 

 bendability 45–46(F) 

 combined bending/stretching limits 46–47 

 defined 245 

 drawability 47(F) 48(F) 

 edge stretching limits 47–48(F) 

 overview 44 

 stretch bend (SB) test 47(F) 

 stretchability 44–45(F) 46(F) 

forming  245 

forming die 245 

forming limit curves (FLCs). See also forming limit dia- 

   gram 

 AHSS steel 49–50 

 determination of 49–50 

 experimental FLCs with the Keeler-Brazier equation 51(F) 

 factors affecting 

  sheet thickness 50 

  strain path/deformation history 50–51 

  test conditions 50 

 and grid analysis used to calculate strains 49(F) 

 HSS steel 49 

 limiting dome height test 50(F) 

 Marciniak test 49 51(F) 

 mild steel 49 

 Nakajima test 49 50(F) 

 overview 48–4 9 

forming limit diagram 245(F) 

forward extrusion. See extrusion 
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fracture. See also splits 

 aluminum alloys 86 

 area reduction 34 

 bending 45 

 bending and stretching limits 47 

 binder forces 8 

 cushion systems 203 

 deep drawing, round and rectangular cups 105–127(F,T) 

 design process 6 

 drawability 47 

 Erichsen cup test 44 

 FLCs  50 

 formability 129 

 hole expansion test 48 

 LDH test 45 50(F) 94 

 lubricants 95 96 

 pin height variation 209 

 rectangular cups 118 119–120  123(F) 

 shearing 15 

 snap-through 139 141(F) 

 tooling setup 8 

 total elongation 34–35(F) 

fracture strain. See maximum elongation 

frames 

 C-frame 195 

 column-type frame 195(F) 

 sheet forming presses 129 

 special frame type 195 

 straight-side frame 195(F) 

free flow direction 185 

free-shoe die 245 

French cut. See pitch notch 

French hook 245 

French notch. See pitch notch 
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frequency converters 147 

friction. See also friction and lubrication 

 blank holder 105 

 deep drawing 110–111 

 deep drawing, round and rectangular cups 105–122(F,T) 

 drawability 47 

 efficiency factor (η ) 133 

 electromechanical servo-drive presses 161 

 Erichsen cup test 45 

 FLCs  50 

 flow stress 38 

 hydraulic bulge test 45 

 hydraulic presses 192 

 LDH test 45 

 Marciniak test 49 51(F) 

 sheet forming presses 129 130 

 sheet metal forming operations 9–17(F,T) 

 slide velocity under pressure (VP) 133 

 stainless steels 79 

friction and lubrication 

 Coulomb’s friction model 90–91 

 factors affecting 89(F) 

 lubricants 91–94 

 lubrication mechanisms 89–90 

  boundary lubrication 90(F) 

  contact pressure and frictional shear stress 91(F) 

  dry condition 90 

  hydrodynamic lubrication 90(F) 

  mixed-layer lubrication 90(F) 

  Stribeck curve 90(F) 

 modified shear friction models 91 

 overview 89 
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friction and lubrication (Cont.) 

 Reynolds equation 91 

 shear friction model 90 91 

 tribological tests (see tribological tests (lubricants)) 

 Wanheim and Bay general friction model 91 

furniture manufacturing 13 

G 

gage   246 

gage pin  246 

galling. See also scoring 

 tribological tests (punching) 101 

gang-die  246 

gap frame. See C-frame press 

gap opening 136 

gap-frame press 132(F) 246 

  See also C-frame press 

 angular deflection 134 135(F) 

 defined  246 

 deflection 136 

 dimensional accuracy 133 

 frames  137 

 press accuracy 136 

 quick die change systems 142(F) 

 reservoir location 183 

gas cylinder 246 

geometric terms 130(F) 

geometry 

 dry condition 90 

 engineering stress-strain curves 34 

 extended drive presses 147 

 flow stress 38 

 formability 44 

 hydraulic built-in die cushion system 212(F) 213 
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geometry (Cont.) 

 manufacturing processes 1–2 3 4 

 mechanical presses 145 204–205 

 MPC systems 218 

 practical-part geometry 213 

 pressure box 210 

 rectangular cups 119 120 121 

    122 124(F) 126(F) 

 round cup drawing, FE model of 115 

 sheet metal forming operations 5–17(F,T) 

gib design  137 138(F) 

gibs   129 133 137 

    246 

grid analysis 246 

growing  246 

growing (grow) 246(F) 

Guerin process 246 

guide pin  246 

guide pin bushing 246 

guide post. See guide pin 

guide post bushing. See guide pin bushing 

H 

hammer steel. See hem steel 

handling core 246 

handling hook. See turnover 

handling ring 246 

hardening anisotropy 8 

hardening laws 

 Bauschinger effect 69(F) 

 isotropic hardening law 66–67(F) 

 kinematic hardening law 67–68(F) 69(F) 

 mixed hardening law 68–69 
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hardening laws (Cont.) 

 nonlinear hardening models 69 

 overview 66 

 strain-hardening behavior 66 

 Yoshida-Uemori model 69–70(F) 

Hartmann lines. See Luders lines 

heat treatable 84 

heel block  246 

heel plate  246 

heel post  246 

hem curved outboard 246 247(F) 

hem deflection 247(F) 

  See also recoil 

hem die  243(F) 247 

hem die plus 247 

  See also creep 

hem edge roll 247(F) 

hem flange split 247(F) 

hem length 247(F) 

hem steel  248 

hemming  248(F) 

 application 11 

 defined 247 

 equipment 11 

 flattened hem 12(F) 

 materials 11 

 modified flat hem 12(F) 

 open hem 12(F) 

 overview 11 

 process variations 11 

 radius flat hem 12(F) 

 rope hem 12(F) 

 teardrop hem 12(F) 

hemming die 248 
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hem-out  248(F) 

hems   248(F) 

herf   248 

high collar lock washer 248 

high-energy-rate forming 248 

  See also electromagnetic 

   forming; explosive forming 

higher-strength steel sheets 77 

high-strength low-alloy (HSLA) steels 73 75 76–77 

high-temperature alloys 

 deep drawing 15 

 explosive forming 22 

Hill’s 1948 yield criterion 

 anisotropy constants, effect of 61(F) 

 FE simulations 60 

 first anomalous behavior 60–61 

 overview 59–60 

 plastic strain ratio and yield stress 64(F) 

 second anomalous behavior 61 

Hill’s 1990 yield criterion 61–62 

hoist ring. See swivel ring 

hold down. See blank holder 

hold-down 248 

hold-down plate 248 

hole expansion test 48 

 %HE versus ultimate tensile strength 48(F) 

 schematic 48(F) 

hole flanging. See also extruding 

 applications 14 

 defined 248 

 equipment 14 

 materials 14 

 overview 14 

 process variations 14 
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Hollomon’s (power) law 35–36 39 40 

    41 

homing the die 248–249 

homogeneous (uniform) deformation 27(F) 

 case 1: tension 28 

 case 2: compression 28 

 elastic deformation 27 

 elastic strain 27–28 

 engineering strain 27 

 engineering strain/true strain, comparison 28(T) 

 homogeneous strain 27 

 overview 27–28 

 plastic strain 27–28 

Honda   170–171 175(F) 

hone   249 

  See also superior hone 

hone bucket 249 

Hooke’s law 35–36 

horizontal cam. See straight cam 

horn   249 

hot developing 249 

hot flat drawing test 98–99(F) 

hot shear  249 

hot stamping 

 applications 18 

 dwell  199 

 equipment 18 

 flywheels 200 

 materials 18 

 overview 18 

 principles of 19(F) 

 quenching 199–200 

 tribological tests 98–99 

hot stretch forming 87 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

HSLA steels 

 cold forming 76 

 hot forming 77 

 springback 77 

HSS steel  48(F) 49–50 51(F) 

hybrid forming processes 

 coining 4 

 description of 3–4 

hydraulic bulge test 

 AKDQ sheet material, pressure-time measurement 43(F) 

 AZ31B-O, flow stress 230(F) 

 AZ31B-O, true stress/true strain curve 87(F) 

 dome height for different sheet materials 46(F) 

 dome height for sheet material SS304 46(F) 

 FE simulation-based inverse technique 42–43 

 flow stress, determining 40(T) 41–44(F) 

 flow stress, iterative procedure to estimate 43(F) 

 flow stress obtained from tensile test and bulge test 44(F) 

 infinitesimal element, schematic of 42(F) 

 schematic 41(F) 

 stretchability 45 

 test specimens 42(F) 

hydraulic cushions 

 blank holder 207(F) 208 

 compensation cylinders 208–209(F) 

 components 207(F) 

 delayed return motion 208 

 energy recovery 208–209 

 energy-saving cushion 209(F) 

 force characteristics 207–208 

 overview 207 

 preacceleration 208(F) 

 principle of 207(F) 
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hydraulic cylinders 183–184(F) 

 differential cylinders 183(F) 184 

 single-acting cylinders 183–184(F) 

 tandem cylinders 183(F) 

hydraulic damping system 192 

hydraulic fluids 

 properties of 182(T) 

 seals  182 

 selection of 182 

hydraulic lines 184 

hydraulic press brake 249 

hydraulic presses 191(T) 195(F) 

 advantages of 181 

 BHF  196 205–206 

 characteristics of 

  characteristic data for accuracy 193 195 

  cylinders, selective activation of 194(F) 

  displacement-time curve 193(F) 

  energy efficiency 191(F) 

  frames 195(F) 

  load 190–191 

  parallelism control system 195 

  prefill valve 194(F) 

  slide tilt 195 

  stiffness 193 195 

  stroke 191–192 

  time-dependent characteristics 192–193 

 components 

  accumulator 187 188(F) 

  hydraulic cylinders 183–184(F) 

  hydraulic fluid/pressure medium 182 

  hydraulic lines 184 

  hydraulic pumps 184(F) 

  hydraulic valves 185–187(F,T) 
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hydraulic presses (Cont.) 

  intensifier 187(F) 

  overview 182 

  reservoir 182–183(F) 

  seals 182 

 cushion systems 205–206 

 deep drawing press 196(F) 

 defined 249 

 disadvantages of 182 

 drive systems 

  accumulator drive 190(F) 

  direct drive (pump drive) 189–190 

  direct drives 189–190(F) 

  direct-drive presses versus 

  accumulator-drive presses 191(T) 

  energy efficiencies 189(F) 

  overview 188–189 

 eco-cushions 196(F) 

 fine blanking presses 196–197(F) 

 frames  195(F) 

 by function 196–200(F) 

 gap frame press 195(F) 

 hot stamping 199–200 

 hot stamping cycle time 199(F) 

 hydraulic fluids 182(T) 

 hydroforming presses 197–198(F) 

 initial tilt 195 

 load-restricted machines 131 

 overview 181–182 

 schematic 181(F) 

 tilt stiffness 195 

 tryout presses 198–199(F) 

 warm forming 199 
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hydraulic pumps 184(F) 

 bent axis type 184(F) 

 external gear type 184(F) 

 internal gear type 184 

 swashplate type 184(F) 

 variable displacement per revolution 184 

hydraulic shear 249 

hydraulic valves 185–187(F,T) 

 check valve 185(F) 186 

 DCVs  185–186(F) 

 flow control valves 186 

 flow-regulating valves 186 

 ISO symbols for actuation of valves 187(T) 

 pressure valves 186(F) 

 proportional directional valves (servo valves) 187 

 servo-actuated valves 186–187 

 solenoid valves 186 

hydraulic-mechanical press brake 249 

hydrodynamic lubrication 90(F) 

hydroforming. See also hydroforming presses; sheet hydro- 

   forming 

 accumulators 187 

 deep drawing 15 

 intensifiers 187 

 Marform process 18 

hydroforming presses 

 sheet hydroforming scenarios 198(F) 

 SHF-D 197–198 

 SHF-P  197 

 THF  197–198 

 Types  198(F) 

hydromechanical deep drawing. See sheet hydroforming 

   with punch (SHF-P) 

hydrostatic stress 55 
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hydrostatic stress state 55 

HyperMesh 115 

Hyson cylinder. See gas cylinder 

I 

IDEAS  114 115 

impact line 249 

inching  249 

inclinable press 249 

incline cam 249 

inclusion-shape-controlled steels 75 77 

incremental forming 

 shear forming 23 24(F) 

 spinning 22 23(F) 

infinitesimal shear angle 30 

infinitesimal true strains and strain rates 29–31 

 cylindrical coordinate system 31(F) 

 infinitesimal shear angle 30 

 three-dimensional deformation 31 

 two-dimensional deformation 29–30 

 undeformed/deformed infinitesimal material element 29(F) 

initial tilt  195 

inner panel bleed through. See inner panel read through 

inner panel burr 249(F) 

inner panel read through 249 

inner panel thickness 249(F) 

insert   249 

 See also window 

inside of metal outer panel 249 

inside of metal\flange length 249 

Institut für UmforFigmtechnik at Universität (IFU) Stutt- 

   gart 212–213(F) 

intensifier (hydraulic) 187(F) 

International Organization for Standardization (ISO) 187(T) 
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interstitial-free (IF) steels 76 77 78 

invariants  54 55 

inverted die 249 

iron hand  250 

  See also extractor 

iron-base superalloys 

 brake bending 11 

 dimpling 21 

 joggling 14 

 roll forming 11 

 spinning 22 

ironing  24(F) 250 

 applications 23 

 equipment 23 

 materials 23 

 overview 23 

ironing tests 96–98(F) 

ISM   250 

isoplot   250 

isotropic hardening law 66–67 

 Bauschinger effect 66 67(F) 

 von Mises yield criterion 66 67(F) 

isotropic yield criteria 56–58(F) 

J 

J hook   250 

  See also turnover 

jig borer  250 

jog. See inching 

joggle   250 

joggling 

 applications 14 
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joggling (Cont.) 

 equipment 14 

 materials 14 

 overview 14 

K 

Keeler-Brazier equation 49–50 51(F) 

keeper   250 

Kellering. See contouring 

Kellering aid 250 

Kelly screws. See Chicago screw 

key   250 

kicker. See ejector 

kidney   250 

killed steels 73–74 78 

kinematic hardening law 

 back stress 67 

 Prager’s kinematic hardening rule 67 68(F) 

 Ziegler’s kinematic hardening rule 67–68(F) 69(F) 

Kirksite  250 

kiss off  250 

knockout  250 

  See also ejector 

knockout mark 250 

knockout pin 250 

knuckle joint press 146 147 

L 

lancing  250 

land   250 

  See also die life 

Lankford coefficient 37 

lap. See superior hone 
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laser beam cutting 250 

laser sensors 134 135 136(F) 

lead   135 

lead hit  250 

lead shear. See lead hit 

leader pin. See guide pin 

leader pins. See guide pin 

leveler lines 250 

leveling  8 250 

  See also roller leveling; stretcher leveling 

leveling blocks 250 

Levy-Mises flow rule 64 65(F) 

lifter   250 

liftout   250 

limit switch 192 251 

limiting dome height 250–251 

limiting dome height (LDH) test 45 94(F) 

 forming limit curves 50(F) 

 limiting dome height tooling 45(F) 

 stretchability results of different steels 45(F) 

limiting draw ratio (LDR) 251 

  See also deformation limit 

 AHSS  48(F) 

 for common materials 108(T) 

 deep drawing, deformation during 108 

 die radius 108(F) 

 drawability 47 

 mild steel 48(F) 

line dies  251 

linear stretch forming 20(F) 

 applications 19 

 equipment 19 
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linear stretch forming (Cont.) 

 materials 19 

 overview 19 

 process variations 19 

linear variable differential transformer 134 

link drive press 146 147 

load   190–191 

load-displacement curves 131(F) 

load-restricted machines 131 

locating pin. See gage pin; pilot 

locator   251 

  See also jig borer 

lock bead  251 

lock spleen. See locking bead 

locking bead 251 

Logan and Hosford yield criterion 62–63(F) 

loose hem. See open hem (radius flat) 

low profile screw 251 

low spot  251 

low-carbon sheet steels 

 biaxial VPB test 75 

 cold rolled steel sheet forming features 75(T) 

 composition ranges and limits 74(T) 

 flow stress curves 75 

 formability 

  effect of composition on 77 

  effect of microstructure on 77–78 

  effect of steelmaking methods on 77–78 

 forming characteristics 

  CQ steel 77 

  DGSK 77 

  DS  77 

  enameling steels 77 

  higher-strength steel sheets 77 
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low-carbon sheet steels (Cont.) 

  inclusion-shape-controlled steels 77 

  interstitial-free steels 77 

  structural steels 77 

 forming grades 74 

 grade designations 75 

 mechanical properties 74(T) 

 mechanical properties determined using tensile test 75(T) 

 modified low-carbon steel sheet 75–77 

 overview 73–74 

 properties 74–75 

 in stamping 74(T) 

 uniaxial tensile test 75 

low-carbon steel sheet (modified) 

 BH steels 76 

 IF steels 76 

 overview 75–76 

low-carbon steels 

 1008  83(F) 98 

 linear stretch forming 19 

 stretch forming 19 

lower dies  6 

lower yield point 266 

  See also yield point 

LS-DYNA 115 

lubricant 

 die temperature effect on 9 

 impact speed effect on 9 

lubricants. See also friction and lubrication 

 additives 

  chlorine 92 

  EP additives 92 

  ET additives 92 

  overview 92 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

lubricants. See also friction and lubrication 

 additives (Cont.) 

  phosphorus 92 

  sulfur 92 

  temperature-activated EP additives 92 

 application 

  airless spraying 92 

  drip method 92 

  electro-deposition 92 

  mops 92 

  roll coating 92 

  sponges 92 

 case study—prediction of punch force and BHF 123 

 chlorinated paraffin oil 101 

 cleanliness 93 

 corrosion control 92–93 

 nonchlorinated paraffin oils 101 

 overview 91–92 

 plain mineral oil 101 

 post-metal forming operations 93 

 prelubricants, compatibility with 93 

 removal methods 93 

 selecting 91–92 

 stamping processes compared 93(F) 

 types 

  dry-film lubricants 92 

  oils 92 

  semisynthetics 92 

  soluble oils 92 

  synthetics 92 

  water-free dry-film lubricants 92 

  water-soluble dry-film lubricants 92 

 washer oils, compatibility with 93 

Luders bands. See Luders lines 
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Luders lines 251 

M 

magnesium alloys 

 AZ31-0 169 171(F) 

 AZ31B 169 

 AZ31B-O 87(F) 230(F) 

 billets, cold piercing 173 

 designations 86 

 formability of 87 

 hot stretch forming 87 

 overview 86 

 properties 86(T) 

 springback 87 

 strain rate 87 

 warm forming 169 171(F) 

magnetic pulse forming. See electromagnetic forming 

mahogany stick. See spotting stick 

manganese 75 84 

manganese boron steel (22MnB5) 18 98 99 

    100 

manufacturing processes 

 characteristics of 

  environmental factors 2 

  geometry 1–2 

  production rate 2 

  tolerances 2 

 classification of 

  forming 1 

  joining 1 

  material removal 1 

  material treatment 1 

  primary shaping 1 

 overview 1 
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map   251 

Marciniak test 49 51(F) 

Marform process 15 16 17–18(F) 

Marforming process 17(F) 251 

 applications 18 

 die closed 18(F) 

 die open 18(F) 

 equipment 18 

 material 18 

 overview 17–18 

 process variations 18 

marriage gap 251(F) 

martensite  18 80–81 

martensitic stainless steel 79 

master   251 

  See also adapter (lower) 

master adapter. See adapter (lower) 

master plug. See adapter (lower) 

match   251 

mating flange area 251(F) 

mating surface 251(F) 

maximum depth of draw. See effective draw 

maximum draw. See effective draw 

maximum elongation 251 

maximum permissible load 152–153(F) 

maximum strength. See ultimate strength 

maximum strokes per minute 153(F) 

mechanical press brake 251 

mechanical presses 

 angular stiffness 155(F) 

 automatic counterbalance systems 157 158(F) 

 BHF  205 

 cam-driven press 145 

 classification of 150(F) 
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mechanical presses (Cont.) 

 clutch/brake mechanisms 157 

 common drives 148(F) 

 complete press drives 157 

 crank drive press 145 146 

 crankshafts 149 

 deep drawing operation, double action press 151(F) 

 deep drawing operation, single action press 151(F) 

 defined 251 

 deflection 154 

 die cushions 149 

 dimensional accuracy 154–155 

 direct crank drive 146 

 direct drive presses 149(F) 

 displacement characteristics 

  adjustment of the blank holder 205 

  blank holder force adjustment 206(F) 

  displacement of inner and outer slide 204 205(F) 

  forces exerted by the outer and inner slide 204–205 

  mechanical double-action press 205(F) 

 double-action press, slide motions 151(F) 

 drive designs 

  connecting rods, number of 149 

  direct drive presses 148 

  double gear reduction 149 

  drive location 149 

  drive shaft, positioning of 149 

  gear reduction 148–149 

  high-speed stamping 148 

  overview 147–148 

  twin-end drives 149 

 drive types 145–147(F) 148(F) 

 eccentric press 145 146–147(F) 

 energy requirements 153 
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mechanical presses (Cont.) 

 extended drive presses 145–146 147 148(F) 

 gibs  137 

 knuckle joint press 146 147 

 link drive press 146 147 

 load requirements 150–153 

 maximum strokes per minute 153(F) 

 nominal load as a function of crank angle 152(F) 

 overload protection 155–156 

 overload protection systems 156(F) 

 overview 145 

 pneumatic slide counterbalancing 158(F) 

 schematic 145(F) 152(F) 

 shutheight adjustment 156 

 shutheight adjustment mechanisms 157(F) 

 simple crank drive 146(F) 

 simple drive presses 146–147 

 slide counterbalancing 157–158 

 slide motion, crank press 148(F) 

 slide motion, knuckle joint press 148(F) 

 slide motion, link drive press 148(F) 

 slide motions 149–150 

 stiffness of a press 154 

 switchable gearbox 157 

 time-dependent characteristics 153–154 

 toggle press 146 147 

 velocity and displacement of slide 154(F) 

 vertical press deflection 154(T) 

 vertical stiffness 155(F) 

mechanical working 252 

metal clearance 252 
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metal forming processes. See also manufacturing processes 

 classification of 

  bulk deformation processes 3 

  hybrid forming processes 3 

  sheet metal forming processes 3 

 in manufacturing 2–3 

metalworking. See forming 

midget mill. See carburr 

mild steel  48(F) 49 

mill   252 

mill edge  252 

mill finish  252 

mill product 252 

mill scale  252 

mixed hardening law 

 back stress 68 

 Bauschinger effect 68 

 Prager’s kinematic model 69 

mixed-layer lubrication 90(F) 

model   252 

modified cup drawing test 98 99–100 

modified flat hem 248(F) 252 

modified shear friction model 91 

modulus of elasticity 252 

Mohr’s circle 

 Hill’s 1990 yield criterion 62 

 for in-plane stresses 56(F) 

 Tresca yield criterion 56 

 in uniaxial tensile and compression tests 57(F) 

molds   1 

  See also die 
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molybdenum alloys 

 brake bending 11 

 joggling 14 

 roll forming 11 

 spinning 22 

mops   92 

multiple. See bladesteel 

multiple die 252 

multiple punching. See perforating 

multiple-slide press 252 

  See also slide 

multipoint cushion (MPC) systems 

 FE simulations 218 

 in-die systems 

  BHF 212 

  hydraulic built-in die cushion system 212 213(F) 

  with hydraulic cylinders 212–214(F) 

  nitrogen cylinder systems 214–217(F) 

  overview 212(F) 

  practical part geometry (GM inner lift gate) 213 

 in-press systems 211–212 

  cushion system built in the die 212(F) 

  stainless steel sinks 212(F) 

  single-point cushion system 211(F) 

  four-point cushion system 211(F) 

  six-point cushion system 211(F) 

  eight-point cushion system 211(F) 

 nitrogen cylinders, application of 217 

 overview 211 

 programming 

  BHF 217–218(F) 
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multipoint cushion (MPC) systems (Cont.) 

  CAD 218(F) 

  CPF 218(F) 

  FEA 218(F) 

  optimum BHF 218 

multitooth cutter. See roughing cutter 

m-value. See strain-rate sensitivity (m-value) 

N 

Nakajima test 49 50(F) 

necking 

 area reduction 35 

 austenitic steels 81 

 defined 252 

 FLCs  49 

 flow stress 38 

 high-strength steels 174 

 Hill’s 1948 yield criterion 60 61(F) 

 homogeneous deformation 27 

 hydraulic bulge test 42(F) 43 

 Nakajima test 49 

 stress-strain conditions 41(F) 

 tensile test 39 40 41 

 Tresca yield criterion 56 

 true stress-strain curves 35 

 UTS  34 

nest   8 252 

nesting  252 

nickel-base superalloys 

 brake bending 11 

 dimpling 21 

 joggling 14 

 roll forming 11 

 spinning 22 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

niobium alloys 

 joggling 14 

 roll forming 11 

 spinning 22 

nitro-dyne cylinder. See gas cylinder 

nitrogen cylinder systems 214–217 

 autonomous system 214 215 

 BDC, delay at 216 217(F) 

 controllable nitrogen cylinders 215–216(F) 

 cylinder force 214 

 delay circuit 216–217(F) 

 force characteristics of nitrogen springs 214(F) 

 hosed systems 215 

 manifold system 215 216(F) 

 modified two-chamber system 214 

 nitrogen cylinder installed as cushions 215(F) 

 nitrogen cylinders, application of 217 

 one-chamber nitrogen cylinder 215(F) 

 one-chamber system 214 215(F) 

 preacceleration 216(F) 

 prime cylinder 216 

 self-contained gas spring 215 216(F) 

 system installations 214–215 

 timing cylinder 216 

 two-chamber system 214 215(F) 

nitrogen die cylinder. See gas cylinder 

no stock movement 253 

nominal strength. See ultimate strength 

nonchlorinated paraffin oils 100 

nonlinear hardening models 69 

nonreturn valve 185 

normal anisotropy 36 252(F) 
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normal stress 

 Barlat and Lian yield criterion 62 

 components 37 

 deep drawing 54 

 defined 54 

 deviatoric stress state 55 

 flow stress curves 37–38 

 friction and lubrication/tool work interface 9 

 Hill’s 1948 yield criterion 59 

 Tresca yield criterion 56 

 true stress-strain curves 35 

 volumetric stress 54–55 

normalizing 252 

nosing   24(F) 

 applications 24 

 equipment 24 

 materials 24 

 overview 24 

 process variations 24 

notching  253 

nuclear reactors 12 

number of strokes per minute (nP) 154 

nutter die  253 

n-value 

 aluminum alloys 85 

 austenitic steels 80 

 defined 253 

 ferritic stainless steels 82 

 punch force/punch stroke curves 119(F) 

 stainless steels 79 80(F) 

 strain hardening 109 
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O 

OBI. See open-back inclinable press 

off-center loading 

 asymmetric deformation in single operations 138 

 out-of-parallel movement 138 

 ram and blank holder tilting 210(F) 

 slide tilting 209–210(F) 

 transfer or progressive die forming 138–139 140(F) 

oil canning 119 253 

  See also canning; elastic instabilities 

Olsen ductility test 253 

one-piece (monoblock) frame 132 

open hem (radius flat) 253(F) 

open-back inclinable press 253 

  See also inclinable press 

orange peel 119 253 

ordinary steel. See carbon steels 

ordnance 

 deep drawing using hard dies 22 

 ironing 23 

 nosing  24 

 spinning 22 

Orowan shear friction model 91 

oscillating die 253 

OSM   253 

outer panel thickness 253 

outer ram (binder) load 253 

out-of-plane deformation 107 

outside of metal flange length 253(F) 

outside of metal outer panel 253(F) 

overbending 253(F) 

overcrown  253(F) 
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overhanging press 253(F) 

  See also C-frame press 

overload protection systems 155–156(F) 

 hydraulic 156 

 mechanical 156 

P 

pad   254 

pad bounce 216 

pad drivers 254 

pad retainer pins 254 

pad window. See window 

PAMSTAMP 115 

parallelism control system 195 

parallelism system 199 

parting   254 

pedestal. See also punch riser; riser 

percent hole expansion (%HE) 48(F) 

percent strain safety 254 

percent total elongation 254 

percent uniform elongation 254 

perforating 254 

  See also piercing 

perforator  254 

  See also punch 

permanent set 254 

petroleum industries 22 

petroleum-based oils 92 

phosphate coatings 78 

phosphorus 

 low-carbon sheet steels 77 

 in lubricants 92 

 SQ steels 75 

pick-&-place 254 
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pickoff  254 

pickup   254 

  See also galling; scoring 

pierce block 254 

pierce button. See button 

pierce dies. See clearance 

pierce punch 254 

  See also perforator; punch 

piercing  254 

piercing die 254 

piggy back cam 254 

pilot   254 

pinch trimming 254 

Piobert lines. See Luders lines 

pitch. See progression 

pitch notch 254 

plain carbon steel. See carbon steels 

plain mineral oil 101 

planar anisotropy 36–37 254(F) 

plane-strain 254 

plastic anisotropy 254–255 

  See also normal anisotropy 

 in sheet forming 8 

plastic deformation, defined 53 

plastic deformation—flow stress, anisotropy, and form- 

   ability 

 anisotropy (see anisotropy) 

 FLCs (see forming limit curves (FLCs)) 

 flow stress 38–39 

  (see also flow stress curves) 

 flow stress, determining (see flow stress, determining) 

 formability (see formability) 

 overview 33 

 tensile test (see tensile test) 
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plastic deformation—state of stress, yield criteria flow rule, 

   and hardening rules 

 anisotropic yield criteria (see anisotropic yield criteria) 

 deep drawing process 53(F) 

 deformation, power and energy of 64–65 

 effective strain 65–66 

 effective strain rate 65–66 

 flow rules 63–64 65(F) 

 hardening laws (see hardening laws) 

 homogeneous deformation of a block 65(F) 

 isotropic yield criteria (flow criteria) (see isotropic yield 

   criteria) 

 overview 53 

 state of stress (see stress) 

plastic deformation—strain and strain rate 

 defined  255 

 equivalent strain rate 32 

 homogeneous (uniform) deformation 27–28(F,T) 29(F) 

 infinitesimal true strains and strain rates 29–31(F) 

 overview 27 

 principle strains 31–32(F) 

 slip  29 

 strain paths 32 

 twinning 29 

 volume constancy 29(F) 

plastic flow 255 

  See also yield 

plastic hit  255 

plastic strain 

 Barlat and Lian yield criterion 63 

 equivalent strain rate and equivalent strain 32 

 flow rules 64 

 hardening laws 66 

 homogeneous deformation 27 
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plastic strain (Cont.) 

 hydraulic bulge test 44 

 isotropic hardening law 66 

 kinematic hardening law 67 

 low-carbon sheet steels 74 

 mixed hardening law 68–69 

plastic strain ratio (r-value) 

 anisotropy 37 

 Barlat 1996 yield criterion 63 64(F) 

 Barlat and Lian yield criterion 62 63(F) 

 DS   77 

 ferritic stainless steels 82 

 Hill’s 1948 yield criterion 60 62 

 low-carbon steels 74(T) 

plastic working 255 

plasticity  255 

plastic-strain ratio (r-value) 255 

platen. See press slide 

plunger. See press slide 

plunger guides 137 138(F) 

pneumatic cushion system 206–207 

pneumatic cushions 206–207 

 BHF  206–207 

 pneumatic cylinders 206 

 principle of 207(F) 

pneumatic cylinders 157 158(F) 

pneumatic slide counterbalancing 158(F) 

pneumatic spring 255 

pogo stick  255 

point of origin 255 

  See also construction hole 

polishing bob or cone 255 

  See also sanding bob 

positive stops 192 
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power generation 22 

Prager’s kinematic hardening rule 67 68(F) 

preacceleration 208(F) 213 214 

    216 216(F) 

precipitation hardened stainless steels 79 

precision blanking 167–168 

 precision formed part 170(F) 

 process sequence 169(F) 

 slide motion process 170(F) 

 tooling  169(F) 

 velocities and SPM 168(T) 

precision flashless forging of splines 173 

prefill valve 192 194(F) 

preformed part 255 

preheating  255 

prehem contact path 255(F) 

prehem face geometry 255(F) 

prehem flange angle 255(F) 

prehem force 255 

prehem springback 255 

prehem steel 256 

prehemming 11 

prepainted sheets 79 

prerollers  142 

press bed  256 

press brake 256 

  See also bending brake 

press capacity 256 

press forming 256 

press hemmer 256 

press load  256 

press ram. See press slide 

press shutheight 130 134 
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press slide  256 

  See also slide 

press speed (strokes per minute) 137 

press stiffness 

 contact time, effect on 135(F) 

 contact time under pressure (tP) 133–134 

 die cushion, effect of slide tilting on 135(F) 

 measuring 134–135(F) 

 stiffness of a press 133–134 

 straight-side press 134(F) 

pressure box 209 210–211(F) 

pressure pad read through 256(F) 

pressure pin 256 

pressure plate 256 

pressure regulators 186 

pressure relief valve 186(F) 

pressure valves 

 pressure regulators 186 

 pressure relief valve 186(F) 

 two-way pressure regulator 186(F) 

prestrain  256(F) 

principle strains 31–32 

 principle directions 31–32 

 principle strain directions 31(F) 

 principle strain rates 31 

principle stress 54 

production rate 

 environmental factors 10 

 forming processes 3 

 frequency converters 147 

 hydraulic presses 182 

 lubricants 92 

 manufacturing processes 2 

 number of strokes per minute (nP) 133 154 
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production rate (Cont.) 

 servo-press line 174 

 sheet forming presses 129 

 stroking rate 8 

 tooling  8 

Pro-E   114 

profile grinder 256 

profiling  256 

progression 256 

progressive die 256 

progressive forming 256 

project number 256 

  See also service order number 

Proof   256 

  See also die proof (cast) 

proof load  256 

proof stress. See yield point 

proportional limit 257 

  See also elastic limit 

puckering  123(F) 257 

  See also buckling 

 deformation zones 107 

 rectangular cups, deep drawing 119 

punch 

 cushion systems 203–213(F) 

 deep drawing, round and rectangular cups 105–127(F,T) 

 deep drawing tests 95 96(F) 

 defined 257 

 description of 3 

 electromechanical servo-drive presses 166–170(F,T) 171(F) 172(F) 

    173(F) 174(F) 

 FLCs  50 

 formability 45–48(F) 

 hot stamping 99 
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punch (Cont.) 

 ironing tests 97 

 LDH test 45 94 

 Marciniak test 49 

 Nakajima test 49 

 sheet metal forming operations 6–23(F,T) 

 SHF-D 197 

 SHF-P  197 198(F) 

 stainless steels 81 

 tribological tests, punching and blanking 100–101(F) 102(F) 

punch corner radius 110 

punch die clearance 110 

punch force 

 cup drawing test 99 

 deep drawing 114 

 prediction of 114 

punch line  257 

punch radius 257 

punch riser 257 

punch shoe 257 

punch speed 8–9 166 168(F) 

punch stroke 

 bending 47 

 BHF  112 

 deep drawability 8 

 prediction of 115–118(F,T) 

 punch force/punch stroke curves 119(F,T) 120(F,T) 121(F,T) 

    122(F,T) 

 punch force/punch stroke diagram 110 111(F) 

punch-die radius 110 

punching  100–101 257 

punchout. See also blank; slug 

punch-to-die clearance. See die clearance 
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Q 

quenching 

 aluminum alloys 85 

 hot stamping 199–200 

quick die change systems 

 advantage of 139 

 automated clamps 141–142 143(F) 

 bolster extensions 142 

 clamping 141–142 

 clamps  141–142 

 die carts 142–143 

 die lifters 142 

 die rollers 142 

 gap frame press 142(F) 

 moving bolsters 142–143 

 steps  141–142 

 T-channels 142 

 U-channels 142 

 unclamping 141 

quick plastic forming 86 

R 

rabbit ear  257 

radial draw forming 257 

radial drawing. See deep drawing 

radius flat hem. See open hem (radius flat) 

ram. See press slide 

ram speed  111 161 162 

    207 

ram tilting  209–210(F) 

ready hemmer 257 

recoil   257(F) 

recoil line. See impact line 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

rectangular cups, deep drawing 

 BHF  118–119 

 case study—prediction of punch force and BHF 

  AA-2008-T4 125(T) 

  BHF profiles 126(F) 

  deformed cup geometry 126(F) 

  FEA simulations 123–125 

  fracture limits 126(F) 

  geometry 124(F) 

  lubrication 123 

  material 122–123 

  overview 121–122 

  press 122 

  punch force measurements 127(F) 

  thickness distribution predicted 125(F) 

  three blank shapes, dimensions of 125(F) 

  three dimensional FEM code 124 

  tooling 122 124(F) 

  wrinkling 125–126 

  wrinkling amplitude measurements 126(F) 

  wrinkling and fracture, BHF control 126–127 

  wrinkling and fracture limits 126(F) 

 example 123(F) 

 flange  118–119 

 fracture in 123(F) 

 major defects in 

  fracture 118 119–120 123(F) 

  overview 119 

  thinning 120 

  wrinkling 120–121 123(F) 

 overview 118–119 

redrawing  257 

reduction  257 

reduction in area 257 
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register  257 

relief   257 

relief valve 213 

relieving. See stress relief 

reservoir  182–183 

 hydraulic press frames 195(F) 

 schematic 182(F) 

reset   257 

residual stress 257 

restrike  257 

restriking  257 

reverse drawing 257–258 

reverse flange 258 

reverse redrawing 258 

Reynolds equation 91 

rib    258 

rider pin. See guide pin 

rider pin bushing. See guide pin bushing 

rimmed (or capped) ingot cast steel 73 

ring. See blank holder 

riser   258 

   See also adapter (lower); punch riser 

riser block  258 

rod    258 

rodless piston 187 

roll bending 12(F) 

 applications 12 

 defined 258 

 equipment 12 

 materials 12 

 process variations 12 

roll coating 92 

roll flattening 258 

roll forging 258 
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roll forming 258 

 application 11 

 contour roll forming 12(F) 

 equipment 11 

 materials 11 

 overview 11 

 process variation 11 

roll straightener 258 

roll straightening 

 applications 15 

 defined 258 

 equipment 14 

 overview 14–15(F) 

 process variations 15 

roller leveler breaks 258 

roller leveling 258 

rope   258 

rope hem  248(F) 258 

rose bud  258 

rotary file. See carburr 

rotary shear 258 

rough blank 258 

roughing cutter 258 

round cup deep drawing test 94 96(F) 

round cups. See deep drawing, 

  round and rectangular cups 

rubber duck 258 

rubber screws. See Chicago screw 

rubber-pad forming 258 

  See also Marforming process 

run marker. See run stamps 

run numbers. See run stamps 

run stamps 259 

running clearance 259 
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S 

safety   10 

safety pin  259 

sag. See hem deflection 

sanding bob 259 

sausage. See kidney 

saxophone  259 

scaling   259 

  See also spotting stick 

scanning electron microscopy (SEM) 101 

Schuler servo-press line 175(F) 

scoring  259 

scrap   259 

scrap cutter 259 

scrap strip. See skeleton 

screw press 259 

seals   182 

secant modulus 259 

  See also modulus of elasticity 

sections. See details 

segment die. See split die 

self-contained gas spring 215 

self-hardening steel. See air-hardening steel 

service order number 259 

servo-actuated valves 

 hydraulic cushions 208 209(F) 

 in-die systems 213 

shadow. See low spot 

shaving  259 

shear   259 
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shear forming 24(F) 

 applications 23 

 equipment 23 

 materials 23 

 overview 23 

 process variations 23 

shear friction model 90 91 

shear knives 259 

shear strength 259 

shear stress 54 259 

shear stress components 37–38 

shearing. See also blanking 

 applications 15 

 defined 259 

 electromechanical servo-drive presses 161 

 equipment 15 

 hydrostatic stress state 55 

 materials 15 

 overview 15 

 principle directions 31 

 process variations 15 

 progressive die forming 138 

 shear friction model 91 

 snap-through 139 

 tribological tests, punching and blanking 100 

shedder  259 

sheet   259–260 

sheet forming. See also forming 

 characteristics of 3 

 defined 260 

 description of 3 
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sheet forming, materials for 73 

 aluminum alloys (see aluminum alloys) 

 coated sheet steels (see coated sheet steels) 

 low-carbon sheet steels (see low-carbon sheet steels) 

 magnesium alloys (see magnesium alloys) 

 stainless steels (see stainless steels) 

sheet forming presses 

 bolster, bending of 137 139(F) 

 bolster area 130 

 C-frame press 131 

 components 129–131 

  bolster 129 

  drive 129 

  frame 129 

  geometric terms 130(F) 

  gibs 129 

  slide 129 

  terminology 130(F) 

 crank angle 130 

 daylight 130 

 die space 130 

 dimensional accuracy 133 

 energy-restricted machines 131 

 finite element analysis 135 

 frame types 131–132(F)  136–137 

 gap frame press 131 132(F) 136 

 gib configurations used in presses 138(F) 

 gib design 137 

 load and energy requirements 

  available energy (EM ) 133 

  available machine load (LM ) 133 

  efficiency factor (η) 133 

 load-displacement curves 131(F) 

 load-restricted machines 131 
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sheet forming presses (Cont.) 

 off-center loading 137–139  140(F) 

 one-piece (monoblock) frame 132 

 overview 129 

 plunger guides 137 138(F) 

 press shutheight 130 

 press speed (strokes per minute) 137 

 process and machine variables 130(F) 

 quick die change systems 139  141–143(F) 

 slide displacement 130 

 slide face area 130 

 snap-through 139 141(F) 142(F) 

 stiffness of a press 133–134 

  contact time, effect on 135(F) 

  die cushion, effect of slide tilting on 135(F) 

  DIN 55 189 134 135(F) 

  measuring 134–135(F) 

  mechanical forging press 137(F) 

  real-time deflection measurement system 136(F) 

  straight-side press 134(F) 

  test setup for determining dynamic stiffness 136(F) 

 straight-side press 131–132(F) 136–137 

 stroke  130 

 stroke-restricted machines 131 

 tie rods 132 136–137 

 time dependent characteristics 

  contact time under pressure (tP) 133 

  number of strokes per minute (nP) 133 

  slide velocity under pressure (VP) 133 

 welded steel frames 137 

sheet hydroforming 

 with die 17(F) 

 

 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

sheet hydroforming (Cont.) 

 fluid bladder forming 17 

 scenarios 198(F) 

 SHF-D 197 

 SHF-P  15–17(F) 197 

sheet hydroforming with die (SHF-D) 17(F) 197–198 

 application 17 

 equipment 17 

 materials 17 

 overview 17 

 process variations 17 

sheet hydroforming with punch (SHF-P) 16(F) 197 

 applications 17 

 equipment 16 

 materials 16 

 overview 15–16 

 process variations 16 

sheet leveling/roll straightening 

 applications 15 

 equipment 14 

 overview 14 

 process variations 15 

 roll straightening 15(F) 

sheet materials 

 anisotropy 36 

 bending and stretching limits 45–46(F) 

 deep drawing, round and rectangular cups 109 

 dome height 46(F) 

 drawability 47(F) 

 flanging 13 

 flow curves for 6–7 

 flow stress 39–44(F,T) 

 flow stress curves 221–222(T) 224(T) 227(T) 

 Hill’s 1948 yield criterion 59 
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sheet materials (Cont.) 

 hole flanging 14 

 hot stamping 98 

 hydraulic bulge test 45 

 low-carbon sheet steels 73 

 plastic anisotropy 8 

 sheet forming 73 

 strain path/deformation history 51 

 TCT  94 

 Yoshida-Uemori model 70 

sheet metal forming 

 bending (see bending) 

 blank preparation 14–15(F) 

 coining 23–24(F) 

 deep drawing (see deep drawing) 

 design process steps 6 

 draw beads 8(F) 

 flanging (see flanging) 

 geometries, classification of 10–11 

 hybrid forming processes 23–24f 

 incremental forming (see incremental forming) 

 ironing 23 24(F) 

 overview 5 

 process components 6(F) 

 process variables 5–6 

 processes 10(T) 

 stretch forming (see stretch forming) 

 as a system 

  deformation, mechanics of 9–10 

  deformation zone 9–10 

  environmental factors 10 

  equipment 8–9 

  material characterization 6–8 

  mechanical properties 10 
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sheet metal forming (Cont.) 

  overview 6 

  product geometry 10 

  safety 10 

  tooling 8–9 

  tool/workpiece interface, friction and lubrication at 9 

 system approach 7(F) 

 variables in 7(T) 

 workability 7 

shim   260 

shimmy cam 260 

shock lines 9 

shoe   260 

shooting plastic. See plastic hit 

shoulder screw 260 

shrink flanging 13(F) 

shute. See chute 

shutheight. See also press shutheight 

 adjustment 156 157(F) 

 defined  8 260 

 double-action presses 149 

 effect of 8 

 mechanical presses 15 

 press stiffness 134 

 press stroke 147 

 press strokes 137 

 quick die change systems 141 

shutheight adjustment 156–157(F) 

shutheight adjustment mechanisms 157(F) 

silicon   77 84 

single-action die 260 
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single-action presses. See also single-action presses, with 

   cushion system 

 blank holder force generating systems 204(F) 

 deep drawing 151(F) 

 defined 260 

 slide motions 149 150 

single-action presses, with cushion system 

 blank holder 206 

 force flow 209–211(F) 

 hydraulic cushions 207–209(F) 

 overview 206–207(F) 

 pneumatic cushions 206–207(F) 

 single-action deep drawing operation 206(F) 

sizing   260 

  See also restriking 

skeleton  260 

skid lines  260 

skid marks. See draw marks 

skin   260 

slab method 112–114(F) 

sled runner 260 

slide   129 260   

  See also cam slide; press slide 

slide adjustment 260 

slide counterbalance pressure (counterbalance pressure) 260 

slide counterbalances 157 

slide displacement 130 

slide face area 130 

slide hammer 260 

slide position 154 

slide tilting 209–210(F) 

slide velocity 154 

slip   29 

slitting   260 
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slug   260 

  See also bladesteel 

slug trails  260 

snap-through 139 141(F) 142(F) 

solenoid or servo valves 186 

solution heat treatment 84 85 

spalling  260 

spank. See restrike 

spares. See back-ups 

spear punching 260–261 

  See also extruding 

spearing. See extruding; spear punching 

spider   261 

spinning 

 applications 22 

 defined 261 

 before deformation/end of deformation 23(F) 

 equipment 22 

 materials 22 

 overview 22 

 process variations 22 

spleen. See draw bead; factor 

splines   173 

split die  261 

splits   261 

sponges  92 

spool   261 

spot face  261 

spotting  261 

spotting aid. See cast; skin 

spotting rack. See cast; skin 

spotting scale 261 

spotting stick 261 

  See also scaling 
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spring can  261 

spring plate 261 

springback. See also buckling 

 defined 261 

 HSLA steels 77 

 magnesium alloys 87 

 predictions 66–67 70 

 reason for 53 

 reducing 174 

 reduction in 168–169 

squeeze block 261 

squeezing operations 147 

SS304 cups 81 82(F) 

stack up  261(F) 

stainless steel sinks 212(F) 213(F) 

stainless steels 

 austenitic steels (see austenitic stainless steels) 

 chromium 79 

 expanding 21 

 ferritic stainless steels 82 83(F) 

 flow stress at room temperature for type 304 stainless 

   steel 80(F) 

 H-version 80 

 linear stretch forming 19 

 martensitic stainless steel 79 

 overview 79–80 

 precipitation hardened stainless steels 79 

 properties 79(T) 

 punch corner radius 110 

 stretch forming 19 

 suitability of stainless steels for various methods of 

   forming 81(T) 
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stainless steels (Cont.) 

 work-hardening qualities 

  type 301 83(F) 

  type 409 83(F) 

  type 430 83(F) 

stainless steels, specific types 

 type 301 80 

 type 304 45 46(F) 80(F) 

    81 82(F) 

 type 304L 80 

 type 305 80 

 type 316 82 

 type 316L 82 

 type 409 82 

 type 430 82 

staking  261 

stamp   261 

stamping 

 accumulators 187 

 direct drive presses 148 

 electromechanical servo-drive presses 161 165 166 

 extended drive presses 146 147 

 FLCs  48–51(F) 

 in-die systems 213 

 large automotive stampings 170–171 175(F) 

 LDH test 94 

 load-displacement curves 130 131(F) 

 low-carbon sheet steels 73 74(T) 

 lubricants 92–99(F) 100(F) 101(F) 

 new process development 173 

 off-center loading 137 
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stamping (Cont.) 

 pressure box 210 

 quick die change systems 139 

 sheet forming presses 129 

 straight-side press 131–132(F) 

stamping flange angle 261(F) 

stamping presses 137–139 140(F) 210 

stamping processes 

 electromechanical servo-drive presses 161 

 extended drive presses 146 

 high-speed stamping 148 

stampings  131 170–171 175(F) 

standoff blocks. See leveling blocks 

stand-off blocks. See leveling blocks 

standoff blocks. See stop blocks 

stand-off blocks. See stop blocks 

starting ring. See prehem steel 

starting steel. See prehem steel 

steel rule die 261 

steels. See also details 

 explosive forming 22 

 shear forming 23 

stiffness. See bending stress 

stitch and run die 261–262 

stock guide 262 

stock strip. See skeleton 

stone   262 

stool   262 

  See also adapter (lower); die post 

stop, automatic 262 

stop blocks 262 

stop pin  262 

storage blocks 262 

straight cam 262 
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straight carbon steel. See carbon steels 

straightener rolls. See roll straightener 

straight-side press 131–132(F) 134(F) 136–137 

    164 165 262 

strain 

 anisotropy, effect of 109 

 defined 39 262 

 deformation zones 106(F) 107 

 FEM  114 115 

 laboratory-scale tribological tests 95 

 metal forming processes 2 

 plastic deformation—flow stress 

  anisotropy, and form-ability 33–51(F,T) 

 plastic deformation—state of 

   stress, yield criteria flow 

   rule, and hardening rules 53–70(F) 

 plastic deformation—strain and strain rate 27–32(F,T) 

 sheet forming, materials for 74–87(F,T) 

 sheet metal forming operations 6–10(F,T) 

 thinning 120 

strain aging 74 76 262 

strain hardening 

 behavior 66 

 deep drawing 109 

 defined 262 

 deformation zones 107 

 effect of 109 

 FLCs  49 

 flow stress 39 

 hardening laws 66 

 isotropic hardening law 66 

 kinematic hardening law 67 

 LDR  108 

 plastic deformation 33–42(F,T) 
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strain hardening (Cont.) 

 stainless steels 79(T) 82 83(F) 

 stress-strain relationships 36 

 Yoshida-Uemori model 69 

strain hardening coefficient, n 

 deep drawing 108 

 formability 108 

 round cup drawing, FE model of 115(T) 116 118(T) 

 tensile test 41 

strain paths 

 FLCs  49 50 

 Nakajima Test 49 

 principle strain directions 31–32 

 strain path/deformation history 50–51(F) 

 thinning 120 

 variables in sheet metal forming 7(T) 

strain rate  27–32 

 austenitic steels 80 

 AZ31B-O 87(F) 230 

 deformation 10 

 design process 6 

 FEM  114 

 ferritic stainless steels 82 

 flow curve equations 39 

 flow stress 38 

 magnesium alloys 87 

 material characterization 6 

 metal forming processes 2 

 product geometry and properties 10 

 quick plastic forming 86 

 slide velocity under pressure (VP) 133 

 warm forming 199 

strain-hardening behavior 66 67 
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strain-hardening coefficient. See strain-hardening exponent 

   (n-value) 

strain-hardening exponent (n-value) 262 

strain-rate sensitivity (m-value) 262 

strains 

 deep drawing 114 

 prediction of 114 

strength coefficient, K 40(F) 108–109 

stress 

 back stress 67 

 deep drawing 112–114 

 defined  262 

 deviatoric stress 55(F) 

 general state of 53–54 

 hydrostatic stress 55 

 normal stress 54 

 principal stresses 54 

 shear stress 54 

 states of stress 53(F) 

 stress components 54(F) 

 true stress values 35 

 volumetric stress 54–55 

stress and strain, prediction of 115 116(F) 

stress cracking 262 

stress raisers 262 

stress relief 262 

stress-strain curve. See stress-strain diagram 

stress-strain diagram 262 

stress-strain relationships 35–36(T) 37(T) 

stretch bend (SB) test 47 

 height of failure versus r-to-t ratio 47(F) 

 schematic 47(F) 

stretch drawing. See deep drawing 

stretch flanging 13(F) 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

stretch former 263 

stretch forming 19(F) 

 age forming 19 20(F) 

 asymmetric parts 18–19 

  applications 19 

  equipment 19 

  materials 19 

 bulging 20 21(F) 

 creep forming 19 20(F) 

 defined 263 

 die quench forming 19–20(F) 

 dimpling 21  22(F) 

 electromagnetic forming 21–22 23(F) 

 expanding 21 22(F) 

 explosive forming 22 23(F) 

 linear stretch forming 19 20(F) 

 tube hydroforming 20–21(F) 

stretchability 

 defined 44 

 Erichsen cup test 44–45(F) 

 hydraulic bulge test 45 46(F) 

 LDH test 45(F) 

stretcher leveling 262 

stretcher straightening 263 

stretcher strains 119 263 

  See also Luders lines 

stretching  263 

Stribeck curve 90(F) 

striker. See sled runner 

striking surface 263 

strip   263 

strip drawing (SDT) test 94(F) 95 96(F) 

strip reduction setup 95(F) 

strip reduction test 94(F) 
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stripper  263 

stripper bolts. See shoulder screw 

stripper insert. See window 

stripper plates 263 

stripper punch 263 

  See also ejector rod; knockout 

stripping  263 

stroke   130 191–192 263 

stroke-restricted machines 131 

strokes per minute (SPM) 148 149 

stroking rate 8 

structural steel (SS) 75 77 

structural-quality (SQ) steels 75–76 

 carbon contents 76 

 cold rolled 76 

 hot rolled 75–76 

submarines 12 

sulfur 

 low-carbon sheet steels 77 

 in lubricants 92 

sump   263 

  See also spot face 

superior hone 263 

superplasticity 263 

support plate 263 

surface distortion 263 

surge tank  263 

swift cup test 263 

Swift’s law 39 

switchable gearbox 157 

swivel ring 263 
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T 

T tempers  84 

tailor-welded blanks 138 

tangent bending 263 

tangent modulus 263 

  See also modulus of elasticity 

T-channels 142 

teardrop hem 264(F) 

tears. See splits 

temperature-activated EP additives 92 

tempering  264 

tempers 

 aluminum alloys 82–84 

 T tempers 84 

tensile strength 264 

tensile stress 264 

tensile test 

 anisotropy 36–37(F) 38(F) 

 area reduction 34–35 

 definitions of width and thickness strains 38(F) 

 elastic modulus 34 

 engineering stress-strain curves 33–34(F) 

 extensometer 33 

 fixture used in test 34(F) 

 flow curve equations 37(T) 

 flow stress, determining 39–41(F,T) 

 force-elongation curve 34(F) 

 material properties list 38(T) 

 overview 33 

 stress-strain relationships 35–36(T) 

 tensile data 

  engineering stress-strain curves 36(F) 

  force-elongation curves 36(F) 
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tensile test (Cont.) 

  true stress-strain curves 36(F) 

 test device 33 34(F) 

 test specimen 33(F) 

 total elongation 34 

 true stress-strain curves 35 36(F) 

 uniform elongation 34 

 UTS  34(F) 

 yield strength 34 35(F) 

tension  264 

terne coatings 78–79 

test coupon 264 

thickness strain analysis (TSA) 264 

thinning  120 

third action 264 

three-dimensional deformation 31 

three-point bending 264 

  See also V-bend die 

throat (gap) 264 

throw   264 

  See also crank press; eccentric press 

tie rods 

 defined 264 

 sheet forming presses 132 

 straight-side press 136–137 

tilt stiffness 195 

tilting of the ram 154 155(F) 

titanium 

 creep  19 

 low-carbon sheet steels 77 

titanium alloys 

 age forming 19 

 brake bending 11 

 coining 23 
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titanium alloys (Cont.) 

 deep drawing 15 

 die quench forming 20 

 dimpling 21 

 drop hammer forming 18 

 eyeglass frames 168 

 ironing 23 

 joggling 14 

 nosing  24 

 roll bending 12 

 roll forming 11 

 shear forming 23 

 spinning 22 

 stretch forming 19 

toggle draw die. See double-action die 

toggle drawing press 264 

toggle press 146 147 264 

tolerances 

 deformed products 10 

 final part 129 138 

 hydraulic presses 192 

 manufacturing processes 2 

tool geometry 9 108(F) 115(T) 

    116(T) 117 117(T) 

tool order number. See also project number; service order 

   number 

top dead center (TDC) 129–130 

torsion   264 

torsional stress 264 

total elongation 

 aluminum alloys, warm forming 86 

 defined 34(F) 264 

 material properties in metal forming 38(T) 

 percent total elongation 254 
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transfer die 264 

transfer pin. See pressure pin 

transfer press 265 

transformation temperatures. See critical temperatures 

trapped die forging 173 

Tresca yield criterion 

 Barlat and Lian yield criterion 62 

 Mohr’s circle 56(F) 

 overview 56–57 

 slab method 113 

 in three-dimensional stress space 57(F) 

 in two-dimensional stress space 57(F) 

 von Mises, comparison 58 59(F) 

tribological tests (blanking) 100 

tribological tests (lubricants) 

 contact pressure and frictional shear stress 91(F) 

 evaluation of lubricants 

  BHF 95 

  COF 94 95(F) 

  Coulomb’s law 95 

  deep drawing tests 95–96(F) 

  draw bead test 94(F) 

  flange perimeters and punch forces 97 97(F) 

  ironing tests 96–98(F) 

  laboratory-scale tribological tests 94–95(F) 

  LDH test 94(F) 

  load-stroke curves 96 97(F) 

  round cup deep drawing test 94 96(F) 

  SDT 94(F) 95 96(F) 

  sidewall thinning distributions 98(F) 

  strip reduction setup 95(F) 

  strip reduction test 94(F) 

  TCT 94 95(F) 
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tribological tests (lubricants) (Cont.) 

 factors affecting 89(F) 

 fine blanking 100 

 Stribeck curve 90(F) 

tribological tests (punching) 

 punching 100–101 

 SEM  101 

tribological tests (warm and hot stamping) 

 aluminum 98 

 aluminum alloys 98 

 BHF  99 

 boron alloys 98 

 COF, µ3, as a function of the blank temperature 98–99 102(F) 

 cup drawing test 101(F) 

 effect of die pressure on mean coefficient of friction 100(F) 

 effect of furnace temperature on mean coefficient of fric- 

   tion 100(F) 

 effect of scale thickness on mean coefficient of friction 101(F) 

 evolution of COF 102(F) 

 hot flat drawing test 98–99(F) 

 ironing tests 98 

 load-stroke curves 98(F) 

 modified cup drawing test 98 99–100 

 punch force 99 

 tribosimulator 99(F) 

tribosimulator 99(F) 

trim edge  265(F) 

trimming  265 

TRIP 780  224(F) 227(F) 

TRIP steels 50 51(F) 

triple-action press 265 

true stress  35 

true stress-strain curves 35 36(F) 

tryout   265 
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tryout presses 190 198–199(F) 

tube bending 

 mandrels 13 

 overview 12–13(F) 

tube hydroforming (THF). See also tube bending 

 applications 20–21(F) 

 equipment 20 

 hydroforming presses 197–198 

 materials 20 

 overview 20–21(F) 

 process variations 20 

tungsten 

 dimpling 21 

 spinning 22 

turnover  265 

  See also turnover device 

turnover device 265 

twinning  29 

twist compression test (TCT) 94 95(F) 

two-dimensional deformation 29–30(F) 31–32(F) 

U 

u-bend die  265 

U-channels 142 

ultimate strength 265 

  See also tensile strength 

ultimate tensile strength (UTS) 34(F) 89(F) 

ultrasonic gage 265 

undercut. See relief 

underdrive press 265 

uniaxial tensile test 75 

uniform elongation 34(F) 35 40 

    86 

Unigraphics 114 
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U-O bending technique 173(F) 

upper dies  6 

upper yield point 266 

  See also yield point 

USCAR  212(F) 213 

V 

variable displacement 184 

Variotherm thermal imaging camera 99 

V-bend die 265 

velocity of final hem steel 265 

vent   265 

vent mark  265 

vertical stiffness 134 135(F) 155(F) 

viscous pressure bulge (VPB) test 73 75 224(F) 

    226(F) 227(F) 

  See also hydraulic bulge test 

Volkswagen 137 

volume constancy 29 

volumetric stress 54–55 

von Mises criterion of plastic flow 9 

von Mises equivalent plastic strain 32 

von Mises yield criterion 57–58 

 Barlat and Lian yield criterion 62 

 isotropic hardening law 66 67(F) 

 plastic strain ratio and yield stress 64(F) 

 Prager’s kinematic hardening rule 68(F) 

 strain increments based on the Levy-Mises flow rule 65(F) 

 in three-dimensional stress space 58(F) 

 Tresca criteria, comparison 58 59(F) 

 in two-dimensional stress space 58(F) 
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W 

walking cam. See aerial cam 

Wanheim and Bay general friction model 91 

warm deep drawing 

 Al alloy cups 171 172(F) 

 Mg alloy cups 171 172(F) 

 Ti alloy cups 171 172(F) 

warm forming 

 aluminum alloys 85–86 

 austenitic stainless steels 80–81 

 hydraulic presses 199 

 laptop case 169 171(F) 

 Mg alloys 169 171(F) 

warp   265(F) 

washer oils 93 

wear plates 266 

web   266 

welded steel frames 137 

welding  137 

window  266 

wiping steel. See flange steel 

work hardening. See also strain hardening 

 defined  39 

 flow stress 39 

work hardening exponent. See also n-value 

workability 7 

  See also formability 

wrap forming. See stretch forming 

wring fit  266 

wrinkling  120–121 123(F) 

  See also buckling 
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wrinkling (Cont.) 

 BHF  111–112 118 121 

 BHF control 126–127(F) 

 case study—prediction of punch force and BHF 125–126 

 cushion systems 203 

 deep drawing 105 

 defined  266 

 deformation zones 107 

 die radius 110 

 FEA simulations 125 

 formability 73 

 limits  125–126(F) 

 pin height variation 209 

 press stiffness 134 

 rectangular cups 119 

 rectangular cups, deep drawing 123(F) 

 sheet metal forming 6 7 8 

wrought alloys, naming scheme 84 

Y 

yield   266 

yield criteria. See also flow rules 

 defined  56 

 FEM  114 

 isotropic hardening law 66 

 isotropic yield criteria 56–63(F) 

 kinematic hardening law 67 

 mixed hardening law 68 

yield point 

 defined 266 

 magnesium alloys 87 

yield point elongation 266(F) 
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yield strength 

 austenitic steels 80 

 engineering stress-strain curves 34 35(F) 

 flow stress 85(F) 

 low-carbon sheet steels 73–77(F,T) 

 magnesium alloys 86 

 metal forming processes 3 

 stainless steels 79 

yield stress. See also flow stress 

 Barlat 1996 yield criterion 63 64(F) 

 Barlat and Lian yield criterion 62 63 

 flow rules 63 

 Hill’s 1948 yield criterion 59–60 61 

 Hill’s 1990 yield criterion 61–62 

 isotropic yield criteria 56 

 kinematic hardening law 67 

 metal forming processes 2 

 mixed hardening law 69 

 Tresca yield criterion 56 57 

 Yoshida-Uemori model 69 

Yoshida-Uemori model 69–70 

 Bauschinger effect 69 

 bounding surface 70(F) 

 hardening behavior 70 

 unloading modulus 70 

 yield surface 70(F) 

Young’s modulus 34 

  See also elastic modulus 
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Z 

Ziegler’s kinematic hardening rule 67–68(F) 69(F) 

zinc 

 coatings 78 

 drawing speed 111(T) 

 magnesium alloys 86 

 TCT  94 

 wrought alloys 84 

zinc powdering 96 
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